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INTRODUCTION 
The importance ofirradiance regime to growth and development of 
plants has long been of interest to plant scientists. Much of the 
earliest work occurred approximately a century ago and concerned 
deciduous tree leaf structure relative to position within the canopy. 
The role of solar radiation in photosynthesis has long been established. 
Because most plants are autotrophic organisms, photosynthetically active 
radiation provides the energy needed for growth and reproduction. 
Plant morphology is developed within a given irradiance regime such 
that the energy balance is optimized for that environment. Common 
adaptations to reduced irradiance regimes include reduced leaf thick­
ness, specific-leaf weight, and root growth and increased shoot-to-root 
ratio, leaf-area ratio and stem length. Taylor (1975) showed that 
photosynthetic assimilation, leaf temperature, and transpiration (i.e., 
energy balance) interact to promote an optimum leaf form for a given 
species. Therefore, plant adaptations to irradiance regime serve to 
maximize productivity and yet remain within the constraints of a given 
environment on plant function. For example, a large, thin leaf possesses 
a great capability for irradiance interception, but the large leaf 
dimension (with an associated large boundary layer resistance) is ill-
suited to operate in a high thermal flux environment. 
Adaptation directed toward morphological characteristics also 
affects plant growth. Relative growth rate is the product of leaf-area 
ratio (a morphological character) and net assimilation rate. In 
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response to reduced irradiance regimes, these two growth parameters 
may counteract, because leaf-area ratio and net assimilation rate 
usually respond to irradiance level in an opposite fashion. A reduced 
level of photosynthetic assimilation is usually observed in plants 
grown under reduced irradiance, mostly because of a reduced energy in­
put. Wong and Wilson (1980), however, reported greater uptake by 
shaded swards of Panicum maximum var. trichoglume than in unshaded 
swards. For most studies where photosynthetic capacity is estimated, 
chamber-grown plants are measured under laboratory controlled conditions. 
However, field-grown plants experience greater energy inputs than 
chamber-grown plants do, especially for wavelengths less than 400 nm. 
One would expect net photosynthesis to be less for low-irradiance re­
gimes than for full solar irradiance regimes, especially for species. 
Forage nutritive quality is strongly influenced by morphological 
characteristics of the plant. Generally, the mass ratio of leaf tissue 
to stem tissue is positively associated with nutritive quality. Addi­
tionally, the chemical characteristics (especially of the cell wall) of 
each plant part influences nutritive quality. Irradiance mediated 
changes in cell-wall concentrations and composition have not been 
studied in conjunction with the morphologically related adaptations. 
Also, little information is available which relates plant growth and 
source-sink relationships to nutritive quality. 
Plant species possessing the photosynthetic system are often 
described as having a greater photosynthetic response to irradiance 
than C3 species. Further, species often express a higher temperature 
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optimum to photosynthesis than Cg species. There is little information, 
however, addressing comparative morphological and physiological adapta­
tions to irradiance for Cg and species. Further information is. also 
needed concerning comparative plant growth relationships with nutritive 
quality. 
Investigations addressing these issues may provide greater insight 
concerning environmental influences upon forage nutritive quality and 
basic crop plant physiology. There is increasing interest in harmoniz­
ing forage production and agroforestry (Uhl and Parker, 1986). Also, 
irradiance-related effects of plant competition and extended cloudy 
weather need further attention. 
There were three objectives to this study: first, to compare 
and forage grass species for morphological and growth aspects of 
adaptation to irradiance; second, to compare the gaseous and energy 
exchange characteristics under field conditions, of a Cg and a grass 
after adaptation to three irradiance regimes; third, to determine the 
comparative effect of adaptation to irradiance level on the forage 
nutritive quality of Cg and grasses, and to relate the irradiance-
induced characteristics in plant morphology and growth to nutritive 
quality. 
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LITERATURE REVIEW 
Plant Responses to Irradiance Regime 
Early investigations 
The influences of irradiance on plant growth and development have 
been investigated for many years. The earliest work occurred around 
the turn of the century and concerned leaf structure relative to canopy 
location in deciduous trees. Stahl (1880, 1883; as cited by Zon and 
Graves, 1911) demonstrated that leaf thickness was strongly influenced 
by the relative amount of irradiance received during leaf development. 
Leaves which developed under low irradiance conditions, such as those 
found in interior positions of the canopy, were very thin relative to 
leaves grown in high irradiance. The low-irradiance leaves were pri­
marily composed of spongy parenchyma while the high-irradiance leaves 
contained more palisade tissue. Zon and Graves (1911) wrote that 
spongy parenchyma is adapted to weak light while palisade tissue is 
best adapted to strong light. 
Hanson (1917) compared environmental variables including irradiance, 
evaporating power of the air, temperature, humidity, wind, and leaf 
morphology at the southern periphery and at the center of the canopy in 
10 tree species. Evaporative demand, temperature, and irradiance were 
significantly greater for the south periphery positions. Leaves that 
had developed at the southern periphery were more deeply lobed, had 
smaller blade area, and were thicker than leaves from within the canopy. 
Hanson (1917) also reported that the southern periphery leaves contained 
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more palisade tissue, in agreement with Stahl (1880, 1883). 
Penfound (1931) utilized artificial shading in a study of the 
effects of varied irradiance on the structure of roots, stems, and 
leaves of Helianthus annuus and Polygonum hydropiper. He observed that 
root growth was more retarded by a reduction in irradiance than top 
growth. Plants grown in full solar irradiance regimes had shorter, 
thicker stems, more xylem and collenchyma tissue in roots and stems, 
and more abundant, thicker leaves. Leaf area per plant was not con­
sistently affected by irradiance. Penfound attributed the greater leaf 
thickness to increased cell size in the high-irradiance leaves. The 
high-irradiance leaves also had 75 to 85% more stomata per unit leaf 
area than the low-irradiance leaves. Water relationships to plant 
morphology also were studied, about which Penfound wrote: "In spite 
of their poorer root systems and smaller conducting area, the shade 
plants, as long as they are kept in the shade, appear to be just as well 
equipped in their water balance as the plants in full sunlight." This 
work provides early evidence that plants adapt to the energy balance 
constraints of their environment. 
Morphological responses to irradiance during growth 
Since the time of Stahl's (1880, 1883) work, plant growth responses 
to varying irradiance have been studied by agronomists, botanists, plant 
ecologists, and plant physiologists. It is well-established that common 
morphological responses to reduced irradiance during growth include 
decreased leaf thickness, specific-leaf weight, and root growth, and 
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increased shoot-to-root ratio and leaf-area ratio (Boardman, 1977; 
Cooper and Tainton, 1968; Corrë, 1983; Pearce and Lee, 1969; Jones, 
1985). 
Corrë (1983) remarked that the leaf-weight ratio for many species 
seems to remain constant over a wide range of moderate irradiances. 
Because the specific-leaf weight decreases and the leaf-area ratio 
increases with reduced irradiance, the resulting leaves are thinner and 
larger; however, they have a similar mass compared to high-irradiance 
grown leaves. Cooper (1967) observed that the leaf-weight ratio did 
not significantly change with irradiance growth regime. Leaf area per 
plant does not necessarily change with varying irradiance (Penfound, 
1931). The reduced leaf thickness is caused by fewer palisade and 
spongy mesophyll cells per unit transectional area (Boardman, 1977; 
Lichtenthaler, 1981). Cooper and Tainton (1968) reported that for 
tropical and temperate grasses, the leaf-area ratio and leaf-weight 
ratio increased under reduced irradiance regimes, again producing larger 
but thinner leaves. They reported that grass species adjust leaf area 
by varying leaf length while not significantly changing leaf width. 
Leaf thickness in grasses is adjusted by altering mesophyll cell size 
(Cooper and Tainton, 1968). Ogura et al. (1985), however, reported 
that leaf width and thickness were negatively related in C^ Panicum 
grass species. 
It seems that root growth is severely restricted by reduced irradi­
ance (Clough et al., 1979; Cooper, 1967; Corrë, 1983). The dry matter 
not used in root growth is instead partitioned to the stems and petioles 
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(Cooper, 1967; Corré, 1983). The altered partitioning is utilized to 
increase stem length more so than stem diameter; thus, reduced irradi-
ance may induce stem elongation at the expense of root growth and stem 
girth (Corré, 1983; Jones, 1985). Stem elongation will respond "to the 
reduced energy level" until photosynthesis is limited to the point that 
all plant developmental processes are inhibited. The actual degree of 
stem internode elongation is dependent on interacting factors including 
water status, soil nutrients (especially nitrogen), maturity, and 
irradiance. For example, Corrë (1983) found that internode length was 
consistently greater for plants grown under low irradiance than for 
plants grown under high irradiance for Scrophularia nodosa, while 
Galinsoga parviflora produced an opposite effect. Internode lengths of 
Urtica dioica were greatest at intermediate irradiances. However, these 
studies were conducted in a growth chamber where the highest irradi-
_2 
ance was 72 W m" , significantly lower than normal field conditions. 
The leaf-to-stem ratio is an important morphological character which 
influences forage nutritive quality. Cooper (1967) reported that the 
leaf-to-stem weight ratio of Lotus corniculatus decreased with decreasing 
irradiance while decreasing irradiances increased the leaf-to-stem ratio 
of Medicago sativa and Trifolium pratense. The leaf-weight ratio is 
closely associated with the leaf-to-stem ratio. Corré (1983) reported 
the leaf-weight ratio of ten different species was not altered by 
irradiance regime while studied in controlled environments. Cooper and 
Tainton (1968) reported that the leaf-weight ratio of three temperate and 
one tropical grass species was markedly increased by reduced irradiance 
8 
regimes. The literature also indicates that the influence of irradiance 
regime on the leaf-to-stem ratio varies with species. For grasses, 
however, the leaf-to-stem ratio generally increases when plant growth 
occurs under reduced irradiance regimes. 
Clough et al. (1979) compared two ecotypes of Solanum dulcamara 
originating from high and low irradiance environments. When the eco­
types were grown under similar temperature, water, and irradiance 
regimes, they did not differ in specific-leaf weight, total leaf weight, 
total stem weight, or total root weight. Clough et al. concluded that 
there seems to be no consistent phenotypic difference between the two 
habitat groups. 
Dennis and Woledge (1983) observed that leaves grown in reduced 
irradiance or within the shade of other leaves had low specific-leaf 
weight. They concluded that leaf morphological adaptations and photo-
synthetic capacity are influenced by quantity of irradiance received 
rather than quality of irradiance. 
Leaf anatomy and micro-structure 
The response of thin, large leaves produced under low-irradiance 
conditions results from altered leaf anatomy at the cellular and 
organelle levels (Boardman, 1977; Lichtenthaler, 1981). As discussed 
above, leaf thickness may be influenced by cell number per unit of 
transectional area (Boardman, 1977) or by cell size (Cooper and Tainton, 
1968). 
Bjorkman et al. (1972) observed with Atriplex patula that leaves 
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developed at 200, 63, and 20 W of photosynthetically active radia­
tion (PAR) had seven, six, and three to four cells across the leaf 
section, respectively. Leaves developed at 200 W m" had a large pro­
portion of palisade tissue while those grown at the lower irradiances 
had greater amounts of round and irregular shaped parenchyma. 
Lichtenthaler (1981) reported that "sun leaves" of Fagus sylvatica 
produced two rows of palisade cells, whereas "shade leaves" from within 
the canopy produced only one layer of palisade tissue and smaller sized 
cells in general. Nobel et al. (1975) grew Plectranthus parviflorus 
under six different irradiance treatments in controlled environment 
chambers. Their objective was to correlate leaf thickness with the 
ratio of total mesophyll tissue surface area to surface area of one 
side of a leaf (a'^^^/A) (i.e., the ratio of internal to external leaf 
area). The average palisade cell length in leaves developed at 900 lux 
was 51 ym, while in leaves developed at 42,000 lux the average length 
was 112 ym. The average palisade cell diameter was 40 ym for both 
irradiance regimes. Thus, the greatest effect of irradiance on the 
palisade layers was reflected by changes in cell length rather than cell 
diameter. Changes occurring in spongy mesophyll tissue led to an in-
2 ? 
crease in average cell area from 4900 ym to 7800 ym for the 900 and 
42,000 lux treatments, respectively. There was also a 2.4-fold increase 
in the number of spongy parenchyma cells per unit leaf area as irradi­
ance increased from 900 to 42,000 lux. Thus, spongy parenchyma cells 
became larger and more numerous with increasing irradiance regime. The 
importance of a'"®^/A to gaseous exchange and internal conductance will 
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be discussed later in this review. 
Grass leaves do not possess the same palisade and spongy mesophyll 
characteristics as dicotyledonous species. Temperate (Cg) grass leaves 
are characterized as having a somewhat loose arrangement of mesophyll 
cells associated with large air-spaces in the inner leaf zones. Addi­
tionally, there is a more compact mesophyll layer associated with the 
abaxial epidermis (Esau, 1977; Prioul et al., 1980a). Tropical (C^) 
grasses possess Kranz anatomy, which is characterized by vascular 
bundles surrounded by one or two concentric cell layers called "bundle 
sheaths" (Esau, 1977). The outer bundle sheath of types has thick, 
suberized cell walls. The Cg grasses also possess bundle-sheath cells; 
however, the walls of these cells are not suberized or as thick as 
bundle-sheath cells (Esau, 1977; Crookston and Moss, 1974; Jones, 1985). 
The bundle sheath of leaves is, in turn, surrounded by a concentric 
layer of mesophyll parenchyma cells (Esau, 1977; Crookston and Moss, 
1974; Jones, 1985). There are seldom more than the two mesophyll cells 
located between neighboring bundle sheaths, while in Cg species there 
are from four to as many as fifteen mesophyll cells between vascular 
bundles (Crookston and Moss, 1974). 
Because grass leaves lack a stratified anatomical structure (con­
sisting of palisade over spongy mesophyll), the major change in leaf 
anatomy with reduced irradiance is a change in cell size and number 
(Cooper and Tainton, 1968). Cooper and Tainton (1968) reported that 
in the C^ grass Loiiurn perenne, greater leaf thickness under high 
irradiances resulted from large cells. Prioul et al. (1980a) explained 
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that for a single grass leaf blade, there is a gradient of differentiat­
ing tissue, ranging from meristematic cells at the leaf base to mature 
tissue at the leaf tip. Their work on Loiiurn multiflorum revealed that 
cell number per unit cross-sectional area (indicative of leaf volume) 
was greatest for leaves grown under low irradiance at apex and middle 
positions. There was no significant difference between high- and low-
irradiance leaves in cell number per cross-sectional area at the leaf 
base (meristematic) positions. The high-irradiance leaves, however, 
contained more cells per unit leaf area. Specific-leaf weight was 
reduced by low-irradiance treatment producing thinner leaves than the 
high-irradiance treatment. More cells per unit volume of leaf and lower 
specific-leaf weight indicates a reduced cell size for the low-irradiance 
leaves. The current literature does not reveal how the internal leaf 
anatomy of grass species is altered by irradiance level. 
Wilkinson and Beard (1975) studying Poa pratensis and Festuca 
rubra, Yamamoto et al. (1985) studying Glycine max, and Lichtenthaler 
(1981) studying Fagus sylvatica have all observed that stomatal density 
(stomate number per unit leaf area) was reduced under low-irradiance 
regimes compared to high-irradiance regimes. Furthermore, Yamamoto et 
al. (1985) suggested that the reduced stomatal density was caused by a 
decreased ratio of stomata number to epidermal cell number and an 
increase in epidermal cell size. 
At the ultra-structural level, most work has focused on chloroplast 
relationships (Lichtenthaler, 1981; Prioul et al., 1980a; Wild, 1979; 
Wilkinson and Beard, 1975). Lichtenthaler (1981) reported that shorter 
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and thicker chloroplasts were associated with high irradiance than with 
low irradiance. Prioul et al. (1980a) concluded that although chloro­
plast dimensions were similar between high- and low-irradiance regimes, 
the plastid volume was greater for high-irradiance leaves as a result 
of varying degrees of thylakoid membrane invaginations. Wilkinson and 
Beard (1975) observed a decreased number of chloroplasts per unit 
cross-sectional leaf area (volume) for low-irradiance leaves as compared 
to high-irradiance leaves. Other observations include increased grana 
thickness because of more thylakoids per granum (Lichtenthaler, 1981; 
Prioul et al., 1980a; Wilkinson and Beard, 1975), broader grana, and 
lack of starch grains under low irradiance (Lichtenthaler, 1981). Addi­
tionally, Wild (1979) reported that low-irradiance grown plants have 
a larger photosynthetic unit as a result of cooperation of several 
antennae systems per red/ox electron transport chain. Increasing the 
photosynthetic unit in this manner resulted in saturating photo­
synthesis at low-irradiance levels. Wild (1979) also observed that 
red-light exposure promotes low-irradiance adaptation at the chloroplast 
level while blue-light promotes high-irradiance characteristics. He 
concluded that adaptation at the chloroplast level is a response of 
irradiance quality rather than quantity. 
Classical growth analysis 
Corrë (1983) stated that growth is the product of a morphological 
character (leaf-area ratio) and the net productivity (net assimilation 
rate) of the photosynthetic apparatus of the plant. So, the leaf-area 
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ratio represents the relative size of the photosynthetic apparatus of 
the plant. As discussed above, the leaf-area ratio significantly 
increases with decreasing growth irradiance (Corré, 1983; Cooper and 
Tainton, 1968; Cooper, 1967; Eagles and Treharne, 1969). However, net 
assimilation rate is consistently reduced by adaptation to reduced 
irradiance (Corré, 1983; Cooper and Tainton, 1968; Cooper, 1967; Eagles 
and Treharne, 1969). 
The relative growth rate is the product of the leaf-area ratio and 
net assimilation rate. Corrë (1983) observed with six species that 
relative growth rate was not influenced by growth irradiances above 
- 2  
about 60 W m (PAR). Near these irradiance levels, reduction in net 
assimilation rate is offset by an increased leaf-area ratio. Cooper 
(1967) observed a declining relative growth rate with decreasing growth 
irradiance from 8611 to 2152 lux for three forage legumes. Cooper and 
Tainton (1968) reported that the maximum relative growth rate of three 
Cg grasses occurred at 80 to 100% of full solar irradiance, but when 
irradiance was reduced to lower levels, the relative growth rate was 
decreased. Eagles and Treharne (1969) reported a declining relative 
growth rate for Dactyl is glomerata with reduced growth irradiance. A 
low relative growth rate with reduced growth irradiance occurs because 
the net assimilation rate declines faster than the leaf-area ratio 
increases (Corré, 1983). 
Adaptation effects on^ leaf photosynthesis 
It is well-documented that low-irradiance-grown leaves have reduced 
photosynthetic capacity (Boardman, 1977; Bjorkman et al., 1972). 
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Boardman (1977) provides an excellent review on this topic. Typical 
photosynthetic characteristics of leaves adapted to reduced irradiance 
include a decreased irradiance required for saturation and a lower 
"light-saturated" rate of COg uptake. When measured at low irradiance, 
however, net photosynthetic rates are greatest for the plants grown 
under the lov/-irradiance conditions (Boardman, 1977). 
Orians and Sol brig (1977) stated that no single adaptation is 
superior for any function under all environmental conditions. They 
observed that xerophytic leaves have greater net photosynthetic rates 
with low soil-water potential, while mesophytic leaves have greater 
net photosynthesis and greater photosynthetic potential with high soil-
water potential. Adaptation serves to maximize leaf function within 
the physiological constraints that prevail under a given environment. 
Features that allow a mesophytic leaf to have a high photosynthetic 
potential, such as low leaf resistance and large cell size, also prevent 
it from achieving high long-term photosynthetic rates during moisture 
stress. Bjorkman et al. (1972) wrote, "Adaptation to low light appears 
to be primarily a question of economics." In adapting to environmental 
stress, such as low irradiance or moisture availability, it is most 
beneficial to enhance low-cost functions (i.e., photon harvesting 
systems) and reduce functions with high maintenance costs (i.e., photo­
synthetic enzymes). Aspects of leaf adaptation to low irradiance which 
have been proposed to limit photosynthetic capacity include: leaf 
resistances, leaf volume, chloroplast adaptations, and changes in enzyme 
activity. 
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Leaves that are adapted to low-irradiance regimes frequently 
express higher stomatal and residual resistances (Woledge and Parsons, 
1986; Woledge, 1986; Dennis and Woledge, 1983; Caemmerer and Farquhar, 
1984; Wong et al., 1985; Bunce, 1983; Prioul et al., 1930b). 
Leaves of Lolium temulentum and Lolium perenne (Woledge, 1972) and 
Tri folium repens (Woledge, 1986) that are grown in high-irradiance 
regimes acquire increased stomatal and residual resistances when 
transferred to very low irradiance regimes. Also, the ontogenetic 
decline of leaf photosynthesis is accelerated by reducing irradiance 
and is accompanied by increases in stomatal and residual resistance 
(Woledge, 1972, 1986; von Caemmerer and Farquhar, 1984). Caemmerer 
and Farquhar (1984) subjected Phaseolus vulgaris to various treatments 
of defoliation, irradiance growth regimes, and COg enrichment. They 
observed that net photosynthesis was closely associated with in vitro 
RuBP-carboxylase activity and in vitro electron-transport rate. They 
concluded that stomatal resistance seemed to reflect but not limit 
photosynthetic capacity. 
Wong et al. (1985) subjected Zea mays (C^) and Gossypium hirsutum 
(Cg) to varying treatments of nitrate. The results indicated stomatal 
conductance increased in a linear fashion with increases in net leaf 
photosynthesis regardless of the experimental treatment. The inter­
cellular partial pressure of CO^, however, was uniform among plants of 
both species even as net leaf photosynthesis varied. Because the inter­
cellular COg concentration did not vary with stomatal conductance, and 
the relationship of stomatal conductance with photosynthesis did not 
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change with differing ambient COg concentrations, they concluded that 
stomata do not adjust to maintain constant intercellular COg concen­
trations. They stated that variations in net leaf photosynthesis were 
the result of limitations within the leaf mesophyll established by 
differing growth conditions. These results support the conclusion 
of Caemmerer and Fàrquhar (1984) that stomatal resistance reflects, 
but does not limit, photosynthetic capacity. Furthermore, these 
results imply that stomatal resistance is not the reason for the reduced 
photosynthetic capacity in low-irradiance grown leaves, but rather 
stomatal resistance is at least partially reflecting the reduced photo­
synthetic capacity of these types of leaves. 
Internal leaf resistance to COg diffusion is made up of three major 
components. First, the mesophyll resistance represents the resistances 
to the carboxylation sites in the chloroplasts, arising from the air-
liquid interface at the surface of the mesophyll cell walls. Mesophyll 
resistance may be further divided into other components, but these will 
not be considered here (see Nobel, 1983). Second is the enzymatic 
resistance of carboxylation and third is the resistance of electron 
transfer which provides reducing power for Calvin cycle operation. 
There is a close positive relationship between leaf thickness and 
net photosynthesis per unit of leaf area (Delaney and Dobrenz, 1974). 
In a classic article, Nobel et al. (1975) investigated the effect 
of internal leaf morphology, as influenced by irradiance, on net leaf 
photosynthesis. They tested the hypothesis that the differences in 
photosynthetic capacity between high- and low-irradiance adapted leaves 
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are related only to otherwise, the resistance per mesophyll 
cell should not remain constant. If resistances within cells signifi­
cantly vary with irradiance, then the resistance per cell will vary 
more than A^^^/A. In their study, irradiance during growth exerted a 
major influence on the internal leaf morphology of Plectranthus 
parviflorus. Reduced irradiance significantly reduced the A^^^/A. 
Response of PAR saturated net photosynthesis to irradiance during growth 
paralleled that of A^^^/A. The resistance contribution internal to 
mesophyll cells remained at about 58,000 s m"^ for all irradiance 
treatments. A resistance to COg uptake of this magnitude requires a 
leaf to have a large internal surface area, thus lending itself to a 
high photosynthetic capacity. Nobel et al. (1975) concluded that the 
loss of photosynthetic capacity in low-irradiance adapted leaves is 
caused by reduced internal leaf surface area. 
Singh et al. (1974) reported that while specific leaf weight 
increased with growth irradiance, photosynthesis per unit dry weight 
of leaf material decreased as irradiance increased between 30 and 50% 
of available irradiance and was constant between 50 and 100% of avail­
able irradiance. McMillen and McClendon (1983) reported that maximum 
photosynthetic and respiratory rates expressed per unit of fresh weight 
were similar for high- and low-irradiance grown leaves of six deciduous 
tree species. They proposed that although high- and low-irradiance 
adapted leaves differ greatly in thickness, they have similar amounts 
— ? 
of photosynthetic enzymes. Also, density thickness (g FW m~ ) together 
with being more easily determined, provides a good indicator of 
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Bjorkman et al. (1972) concluded from his calculations that when 
stomatal resistance was considered to be infinitely low for Atrip!ex 
patula, there would be no significant increase in net leaf photosynthesis 
under standard conditions. Therefore, stomatal resistance does not 
impose a significant restriction on photosynthesis for low-irradiance 
adapted leaves. Additionally, in their study the RuBP carboxylase 
p 
activity was decreased in low-irradiance (20 W m~ ) leaves to approxi­
mately one-third that of the high-irradiance leaves (200 W m"^). 
Singh et al. (1974) reported that extractable RuBP carboxylase activity 
increased with increasing growth irradiance for eight of ten species 
tested. Irradiance response curves for photosynthesis, photosynthetic 
capacity, and RuBP carboxylase activity were not significantly altered 
by growth irradiance for Dactyl is qlomerata. Eagles and Treharne (1969) 
found that the cell-free RuBP carboxylase activity of high- and low-
irradiance adapted Dactyl is glomerata significantly correlated with 
net photosynthetic rate, net assimilation rate, and ^^COg incorporation 
into leaves. Bowes et al. (1972) reported that in plants grown in 
growth chambers, RuBP carboxylase activity per unit leaf area coincided 
with the photosynthetic rate; however, in field-grown plants, the photo­
synthetic capacity of low-irradiance adapted leaves was reduced more 
than enzyme activity. Furthermore, photosynthetic rate and density 
thickness were significantly correlated, but only within a given 
environment. 
For field-grown and chamber-grown Zea mays, Usuda et al. (1985) 
observed that the higher photosynthetic capacity of high-irradiance 
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grown plants was accompanied by a greater activity of RuBP carboxylase 
and pyruvate-Pi dikinase (per unit leaf area). The low-irradiance 
plants in this study, however, were transported to a low-irradiance 
regime after leaf development and, therefore, were not entirely 
morphologically adapted to the low-irradiance environment. Usuda 
et al. (1985) suggested that the rate limiting enzymes for photo­
synthesis were RuBP carboxylase and pyruvate-Pi dikinase. 
Prioul et al. (1980a) studied Lolium multiflorum at two irradiance 
levels (16 and 110 W m"^) in a growth chamber, and Tori sky and Servaites 
(1984) studied Glycine max at four levels of greenhouse irradiance (20, 
53, 70, and 100% of available irradiance). In both studies, leaf thick­
ness, specific leaf weight, and RuBP carboxylase activity per unit 
leaf area significantly decreased with decreasing irradiance. Tori sky 
and Servaites (1984) additionally reported that protein concentration 
per unit leaf dry weight significantly increased with decreasing irradi­
ance, resulting in a lowered specific activity of RuBP carboxylase. 
They also observed a significant positive correlation between net 
photosynthesis and RuBP carboxylase activity. 
Prioul et al. (1980a) observed a significant decrease in chlorophyll 
concentration per unit leaf area as a result of growth under low irradi­
ance, while Torisky and Servaites (1984) did not. Tori sky and Servaites 
(1984) observed a significant increase in chlorophyll concentration per 
unit dry weight of leaf with decreasing irradiance. Prioul et al. 
(1980a) found no difference in chloroplast number on a leaf volume 
basis but more chloroplasts per unit epidermis length with increasing 
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irradiance, indicating that chloroplast numbers per cell were similar 
for high- and low-irradiance grown leaves. Torisky and Servaites (1984) 
also found that chloroplasts per cell did not differ with irradiance 
regime. Both studies concluded that leaf thickness accounted for the 
major physiological differences between high- and low-irradiance 
adapted leaves. 
Lichtenthaler (1981) reported that high-irradiance adapted leaves 
contain "sun-type" chloroplasts which have a greater photosynthetic ca­
pacity because of the ultrastructural characteristics reviewed above. 
Wild (1979), however, revealed that chloroplast level adaptations are med 
iated by spectral ratios (quality) rather than irradiance flux (quantity) 
Pearce and Lee (1969) observed that high-irradiance grown Medicago 
sativa expressed greater specific leaf weight and photosynthesis per 
unit leaf area than plants grown under low irradiance. Within 2 weeks 
of being transferred to high irradiance, however, the low-irradiance 
plants increased in specific-leaf weight and photosynthesis per unit 
leaf area to similar levels of the high-irradiance plants. There were 
no differences between high- and low-irradiance treatments for photo­
synthesis per unit dry weight of leaf. The authors attributed the 
recovery of specific-leaf weight and leaf photosynthesis to possible 
responses of leaf pigments and chemical characteristics within the 
cells. This is reasonable as the morphological characteristics of cell 
size and number are already established. Prioul et al. (1980b) obtained 
similar results with Lolium multiflorum and reported that chloroplasts 
p n 
of leaves transferred from 16 W m" to 110 W m" growth regimes were 
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especially sensitive to the changed irradiance in terms of RuBP 
carboxylase activity, plastid volume, and electron transport mechanisms. 
The increased stromal volume was caused by an increased enzyme content. 
Torisky and Servaites (1984) also found that the RuBP carboxylase 
activity per unit leaf area recovered in leaves of plants transferred 
from low irradiance to high irradiance. 
Boardman (1977) explained that differences in photosynthetic 
capacity cannot be attributed to any single factor. Adaptation to low 
irradiance seems to emphasize greater economy of maintenance costs for 
plant development. Factors influencing leaf thickness and enzyme 
activity also impose a limitation upon the basic assimilation of COg 
within the plant. 
Photosynthetic capacity is usually measured under laboratory condi­
tions with temperature, PAR, COg concentration, and leaf water status 
adjusted to near optimum levels. There are few studies that have 
measured the photosynthesis of forages under field conditions. Woledge 
and Parsons (1986) measured canopy photosynthesis under field conditions 
- 2  
and reported that Lolium perenne swards that developed under 400 W m" 
PAR expressed about four times the canopy photosynthetic rate of swards 
developed under 100 W m" PAR. 
Wong and Wilson (1980) utilized the ^^COg uptake method to measure 
leaf photosynthetic capacity of Panicum maximum var. trichoglume grown 
under 40, 60, and 100% of available solar irradiance. They observed 
that leaves from both of the shaded canopies had greater photosynthetic 
capacity and greater nitrogen concentrations than the unshaded leaves 
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at any level of test irradiance. They proposed that the photosynthetic 
activity of the shaded leaves was promoted by the higher nitrogen 
concentration. 
Energy balance and biophysical effects 
Leaf morphology is strongly influenced by the energy balance. 
Photosynthetically active radiation comprises just one factor of the 
total energy inputs influencing leaf form (Taylor, 1975). Large leaves 
possess a thick boundary layer which serves to limit convective and 
evaporative heat loss (Nobel, 1983; Gates, 1980). Buxton and Stapleton 
(1970) explained that okra-type leaves of Gossypium sp. could be cooler 
than normal leaf types under hot, humid conditions because of the 
reduced boundary layer resistance and increased convection. 
Leaves within low insolation regimes generally have lower tempera­
ture because of lower incoming thermal energy flux. Background thermal 
energy from the canopy, however, may represent thermal energy inputs 
that leaves in direct sun are not exposed to. Bunce (1983) reported 
that net photosynthesis responded to growth irradiance and growth 
temperature regimes for Glycine max, Helianthus annuus, and Amaranthus 
hypochondriacus. Recognizing that higher leaf temperatures are 
accompanied by greater water vapor deficits, Woledge and Parsons (1986) 
investigated temperature effects on leaf and canopy photosynthesis of 
Lolium perenne. Both net and gross photosynthesis of leaves and 
canopies increased with temperature (while water vapor deficit was 
constant) between 10 and 25°C. The effect of temperature regime during 
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growth, however, yielded only small effects on photosynthesis. Increases 
in water vapor deficit resulted in decreases in photosynthesis. They 
concluded that leaf temperature increases approaching the temperature 
optimum enhance the photosynthetic capacity. A stressful water vapor 
deficit associated with increased leaf temperature may mask the 
enhanced photosynthetic capacity because of increased stomatal 
resistance; but, this masking effect does not occur if stress is not 
induced. 
Downton and Slater (1972) subjected plants of Gossypium hirsutum to 
four different growth temperature regimes. The maximum leaf photo­
synthesis tended to occur at the temperature in which the plant 
developed; however, the greatest photosynthesis values were obtained 
from plants grown at the 25/20°C growth regime. Stomatal resistance 
significantly correlated with maximum photosynthesis in a negative 
fashion. They suggested that a genetically-based temperature optimum 
exists regardless of temperature regime for growth. Veres and Williams 
(1984) conducted a similar experiment with Carex eleocharis and obtained 
similar results and conclusions. Monson et al. (1983) observed that 
intercellular COg concentration remains unchanged with changes in 
stomatal resistance and growth temperature regime. These results are 
much like those of studies investigating irradiance adaptation, and one 
might conclude that stomatal resistance is reflecting but not limiting 
photosynthesis. 
How then does stomatal resistance influence leaf function? Stomatal 
resistance is closely associated with transpiration rate and leaf 
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temperature. Hodgkinson (1974) observed that at low initial stomatal 
resistance values (less than 200 s m~^), small changes in stomatal 
resistance result in exponential changes in transpiration rate for 
Medicaqo sativa. Rawson et al. (1977) observed that leaf photo­
synthesis and stomatal resistance did not respond to changes in water 
vapor deficit at a constant temperature, whereas leaf transpiration 
rate was linearly related to water vapor deficit. Feldhake and Boyer 
(1985) reported that for four grasses, a high water vapor deficit 
can lead to a 6°C difference between leaf and air temperature because 
of the evaporative cooling of transpiration. The greater stomatal 
resistance of the three species restricted transpiration and thus 
restricted evaporative cooling. 
Increased leaf size and stomatal resistance are common results of 
adaptation to reduced irradiance environments. Varying leaf size 
influences the leaf's energy balance via the convection term; large 
leaves have an associated large boundary layer and small convective and 
evaporative energy loss. 
Varying stomatal resistance influences the leaf's energy balance 
via the évapotranspiration term; increasing stomatal resistance 
restricts evaporative energy loss. Reductions in sensible and latent 
energy efflux result in increased leaf temperature within a given 
energy environment. Therefore, the lower leaf temperature associated 
with reduced irradiance regimes is a result of a reduced total energy 
influx. 
It seems that, indeed, stomatal resistance reflects but does not 
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limit leaf photosynthesis, provided that the leaf is adapted to the pre­
vailing atmospheric conditions. Stomatal resistance adjusts evaporative 
cooling, thus influencing leaf temperature, which in turn influences 
leaf photosynthesis. It is likely that stomatal adjustment also 
restricts excessive water loss during moisture stress; however, during 
moisture stress, photosynthetic potential is reduced, and so stomatal 
resistance continues to reflect this. Under conditions of instantaneous 
stress, a plant is no longer within the conditions for which the plant 
has adapted. 
It has been proposed that leaf adaptations such as stomatal 
resistance, leaf morphology and orientation, and enzyme activity are 
orchestrated in such a manner as to maximize the water-use efficiency 
(Parkhurst and Loucks, 1972, as cited by Gates, 1980). It seems that 
stomatal resistance does not control internal COg concentrations but 
reflects COg fixation capacity. Additionally, leaf morphology and 
enzyme adaptation is a matter of maintenance economy. Therefore, it is 
possible that the goal of leaf adaptation is oriented toward the 
maximization of COg fixation while not exceeding the constraints of the 
environment as expressed by Taylor (1975). However, the environment 
can quickly change to impose conditions to which a leaf is not adapted, 
resulting in stress. One response to environmental stress may be 
in a stomatal limitation of photosynthesis. 
Comparison of Cj md types 
The difference in photosynthetic potential between and species 
has been widely documented (Jones, 1985). The distribution of C3 and C4 
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species is influenced by temperature and causes a displacement of the 
relative abundance and growth of the two photosynthetic types (Teeri 
and Stowe, 1976; Pearcy and Ehleringer, 1984; Doliner and Jolliffe, 
1979; Potvin and Strain, 1985; Kemp and Williams, 1980; Monson et al., 
1986; Hattersley, 1983; Pearcy et al., 1981). Teeri and Stowe (1976) 
and Hattersley (1983) have reported that the geographic distribution 
of Cg and species is largely determined by regional and seasonal 
temperatures, with types being more numerous in warm climates and 
seasons. Some researchers have proposed that species are also 
better suited than species to areas typified by restricted moisture 
availability (Tieszen et al., 1979; Doliner and Jolliffe, 1979); 
however, these observations are likely to be coincidental to the warmer 
areas that they studied. Increased water availability is beneficial 
to the growth and physiology of both photosynthetic types provided 
that they are within their preferred temperature regime (Pearcy et al., 
1981; Hattersley, 1983; Ludlow, 1985). 
Seasonal displacement (phenological displacement) of growth be­
tween and species is attributed to differences in seasonal 
temperature (Kemp and Williams, 1980). Phenological displacement pro­
vides for the determination of niches within the seasonal biomass 
production of a plant community, such as with Agropyron smithii (Cg) 
and Bouteloua gracilis (C^) in a Colorado shortgrass prairie ecosystem. 
Kemp and Williams observed that the temperature optimum for growth and 
photosynthesis coincides with the seasonal temperatures under which 
these species are most abundant. Also, Ceratoides lanata (Cg) and 
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Atn'plex confertifolia (C^) are seasonally displaced in the Great Basin 
of North America and winter ephemerals (Cg) are seasonally displaced 
from summer ephemerals (C^) in the Sonoran Desert (Caldwell et al., 
1977; Ehleringer and Mooney, 1983). 
Finally, Cg and species may co-exist in time but be displaced 
according to microenvironment. Monson et al. (1986) reported that in 
some environments there is no offset period for growth and maximum 
photosynthesis of Agropyron smithii and Bouteloua gracilis. However, 
Bouteloua gracilis expresses a more prostrate growth habit which serves 
to reduce convective heat loss and allow it to benefit from thermal 
radiation from the soil surface, resulting in leaf temperatures 2 to 
11°C greater than air temperature. When measured at comparable periods 
of time, leaf photosynthesis for the two species was similar. 
Ehleringer (1978) utilized predictive models to simulate the suit­
ability of Cg and grasses to various environments. He concluded 
that the pathway would be disadvantageous under cool, shaded condi­
tions because types have a lower quantum yield. However, his model 
did not consider morphological adaptation as a means of shade tolerance 
by species. Indeed, Pearcy and Calkin (1983) observed in a Hawaiian 
forest understory that an adapted C^ species (Euphorbia forbesii) had 
a greater photosynthetic capacity than an adapted C^ species (Claoxylon 
sandwicense). Under natural irradiance (8 to 10% of full sunlight), 
both species had similar net photosynthetic rates. It is not likely 
that the C^ species was at any disadvantage. They attributed the 
enhanced competitiveness of this C^ species to an enhanced quantum yield 
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as reported earlier by Robichaux and Pearcy (1980) in growth-chamber-
based experiments. 
Ludlow (1985) explained that the pathway provides the potential 
for high growth rates and dry matter yields, but biological and 
environmental restrictions limit the degree to which the potential is 
achieved. Gifford (1974) reported that the potential advantage of 
species is progressively diminished when considering differences at 
the microscopic level through the crop growth level. The mechanism 
expressed a 60- to 70-fold greater carboxylation potential, a 5-fold 
advantage in residual resistance, a 1.5- to 3-fold potential advantage 
in net leaf photosynthesis, but no advantage in short-term crop growth 
rate. He concluded that the greater-annual forage yield for species 
may be attributed to a longer growing season. Monson et al. (1986) 
reported that co-existing Agropyron smithii and Bouteloua gracilis had 
similar net leaf photosynthetic capacity. 
Pearcy and Ehleringer (1984) explained that when limitations of 
environment, seasonal displacement, and life form are accounted for, 
the photosynthetic capacities of and plants are similar. They 
also stated that when large differences are found for species in the 
same habitat, the species involved differ widely, such as the tropical 
Cg legumes and grasses studied by Ludlow and Wilson (1972). It is 
clear that there are several examples that some Cg species may adapt to 
possess high photosynthetic potentials and that some species may 
adapt to perform well in shaded environments. 
Singh et al. (1974) investigated the photosynthesis of six Cg and 
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four species which had grown under different irradiance regimes. 
They observed a typical reduction of photosynthetic capacity with 
reduced irradiance in eight of the ten species. The species had 
higher net photosynthetic rates but were more affected by growth 
irradiance. For species, the activity of extractable RuBP 
carboxylase was greater than the photosynthetic rate when both 
measures were expressed on a per unit leaf area basis. The malate-
forming species possessed greater photosynthetic rates than 
extractable RuBP carboxylase activity, while the aspartate-forming 
species had similar photosynthetic rates and RuBP carboxylase activity. 
When photosynthesis was expressed per unit weight of leaf material, 
they found that malate-formers were more efficient than aspartate-
formers which in turn were more efficient than species, regardless 
of growth irradiance. 
Akita and Moss (1972) and Downes (1970) observed that the stomatal 
resistance of species is more sensitive to environmental changes in 
irradiance, temperature, and COg concentration than that of species. 
Also, stomatal resistance at low irradiance is greater for than 
Cg species. However, Morison and Gifford (1983) did not observe a 
stomatal limitation on COg fixation for either Cg or species. 
Rawson et al. (1977) reported that moderate changes in water vapor 
deficit did not significantly affect photosynthesis or resistance to 
COg diffusion, whereas transpiration rate was a linear function of 
water vapor deficit in four Cg and three species. This indicates 
that outside of stomatal regulation, transpiration is a biophysical 
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variable for both Cg and species. Also, at a given leaf temperature, 
leaf photosynthesis is maximized regardless of water loss, provided 
that hydrolic stress is not imposed. 
Rawson et al. (1977) also explained that species have much 
lower internal resistance values because of the COg concentrating 
function of photosynthesis (Ludlow and Wilson, 1972) and greater 
stomatal resistance than Cg species. Differences in stomatal resistance 
between Cg and plants may result in differences in energy balance 
relationships because of the negative influence of stomatal resistance 
on transpiration. Feldhake and Boyer (1985) observed that four 
grasses had greater transpiration rates than did three grasses. 
Also, leaf resistance to water vapor loss increased with increasing 
water-vapor deficit, but the effect was greater for grasses than 
Cg grasses, resulting in warmer canopy temperatures for the species. 
Canopy temperatures for and species were, respectively, 2 to 6°C 
and 0.5 to 2.5°C cooler than air temperature. 
Little information is available which contrasts and grass 
adaptation to reduced irradiance environments. Cooper and Tainton 
(1968) remarked that in the Cg genera Loiiurn. Dactyl is, Festuca, and 
Phleum and in the C^ species Paspalum dilatatum the leaf-area ratio, 
leaf-weight ratio, leaf length, and specific-leaf area decrease with 
increasing irradiance. In Lolium perenne and L. multiflorum, the rate 
of leaf appearance increased up to 32,300 lux and up to 64,600 lux for 
Paspalum (Cooper and Tainton, 1968). Singh et al. (1974) reported that 
in eight of ten Cg and C^ species, increased growth irradiance resulted 
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in increased specific-leaf weight. 
The species possess a relatively low as a consequence 
of Kranz anatomy; however, a high mesophyll cell conductivity to COg 
allows for a higher total mesophyll conductivity than found with Cg 
species (Longstreth et al., 1980). The very high cellular conductivity 
to COg is a result of thin mesophyll cell wall (Longstreth et al., 
1980). Ogura et al. (1985) compared various anatomical, morphological, 
and gaseous exchange variables in four C^, two Cg/C^ intermediates, and 
eleven species of the genus Panicum. The and species did not 
significantly differ in stomatal density. The species had greater 
xylem area per unit cross-sectional vein area than the Cg species; 
however, there was no difference in phloem area. Water-use efficiency 
and specific-leaf area was negatively correlated for the species 
and positively for the species. They considered the close relation­
ship of water loss to COg uptake for the species to be coincidental 
and concluded that water loss is morphologically modified by stomatal 
density in species and by vascular bundle development in species. 
In the Cg species, leaf width and angle are the major determinants 
influencing irradiance interception and were negatively associated 
with leaf thickness. For the species, water loss and irradiance 
interception characteristics are modified by vein development. 
Cooper and Tainton (1968) concluded that differences in growth 
responses between Cg and grasses are based upon differences in 
photosynthetic responses rather than morphological responses to the 
environment. More information is needed concerning differential 
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morphological and anatomical responses of Cg and grasses to the 
environment. Although it is likely that Cg and types respond 
morphologically in a similar manner to altered irradiance, responses 
at extreme irradiance levels are probably dissimilar. Taylor (1975) 
concluded that environmentally induced changes in leaf morphology are 
often adaptive events in optimizing leaf energy balance. 
Agronomic Effects of Irradiance Regime 
Yield effects of reduced irradiance 
Field-based and controlled-environment studies have usually reported 
increases in dry matter yield associated with growth irradiance 
increases (Burton et al., 1959; Garza et al., 1965; Walgenbach and 
Marten, 1981; Henderson and Robinson, 1982b). Burton et al. (1959) 
reported that reductions in both tiller number per unit harvest area 
and the leaf-area-index contributed to yield reductions. 
Some studies have revealed strong interactions between growth 
irradiance and various management inputs. Wong and Wilson (1980) ob­
served greater dry matter yields of Panicum maximum var. trichoglume 
when grown under 60% and 40% of available solar irradiance and harvested 
in 8-week intervals as compared to when growth occurred in full solar 
irradiance. For the 4-week-interval harvest management, the greatest 
yields occurred in the unshaded environments. Leaf photosynthesis as 
measured by ^^COg uptake was greater for the 60% and 40% than the 100% 
of available irradiance treatments. The study area was irrigated on a 
regular basis, so it is unlikely that moisture stress limited growth. 
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Eriksen and Whitney (1981) working with three grass species observed 
that annual dry matter yield was reduced by shading combined with 365 
kg N ha"^ yr"^; however, yield was greatest for the 70%, 45%, and 27% 
of available irradiance treatments when no nitrogen was applied. 
Burton et al. (1959) reported a significant irradiance level by 
nitrogen rate interaction for Cynodon dactyl on. They observed a 
yield enhancement at high irradiance with 1792 kg N ha"^ over the 224 
kg N ha"^ treatment; however, at low irradiance the high nitrogen 
treatment depressed the total annual yield. They concluded that the 
efficiency of converting solar energy into dry matter is reduced by 
heavy nitrogen fertilization. 
In a growth-chamber experiment, Navarro-Chavira and McKersie 
(1983) reported that Panicum maximum yielded 25 and 35 g per plant for 
-2 -1 300 and 100 ymole photons m~ s~ (400 to 700 nm) regimes, respectively. 
They suggested that stem etiolation in the low-irradiance treatment 
was responsible for the greater yield. One must be cautious in relat­
ing these results to field conditions because the highest irradiance 
-? -1 level in this study was 300 ymole photons m" s" or approximately 15% 
of typical field irradiance. 
There are no reports available in the literature that indicate 
forage yield enhancement occurring under reduced irradiance for Cg 
species. Because of the greater response of photosynthesis with 
increasing PAR, plants should obtain greater yields with higher 
irradiance regimes than Cg plants. With water-stressed conditions, 
reduced irradiance may alleviate atmospheric demand and thus increase 
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photosynthesis. But water supply was considered to have been ample 
in all of the studies concerning yield interactions discussed above. 
The species are often exceptionally responsive to nitrogen supple­
mentation (Jones, 1985). The results of Eriksen and Whitney (1981) 
suggest that high irradiance is required for maximum response of 
species to nitrogen fertilization. In any case, it is reasonable to 
assume that for those situations where yield is greatest under a low-
irradiance regime, some factor other than PAR level is limiting plant 
growth. 
Nutritive quality and digestibility of forages 
Cell contents Several investigations have determined that 
soluble carbohydrate concentration decreases with decreasing growth 
irradiance (Burton et al., 1959; Deinum and Dirven, 1972; Wilson and 
Wong, 1982; Walgenbach and Marten, 1981; Garza et al., 1965; Might et 
al., 1968). If all other nutritive components in plants for ruminants 
remain unchanged under reduced irradiance, then loss of available 
carbohydrates alone serves to reduce the overall nutritive quality. 
However, the total nitrogen concentration increases as growth irradi­
ance decreases (Burton et al., 1959; Eriksen and Whitney, 1981; Deinum 
and Dirven, 1972; Wong and Wilson, 1980; Walgenbach and Marten, 1983). 
Burton et al. (1959) suggested that when plants are shaded, pro­
teins are formed at the expense of carbohydrates. This does not, 
however, support the theory that low-irradiance adaptation results in 
reduced protein levels in order to reduce high maintenance costs. 
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Qualitative analysis of nitrogen pools related to irradiance adapta­
tion is needed. Walgenbach and Marten (1981) have done such work, 
but with Medicago sativa, a legume. They found that concentrations of 
soluble non-protein nitrogen increased while soluble protein nitrogen 
decreased with decreasing irradiance regime. The literature does not 
reveal that similar responses occur with grasses. 
Smaller cell size resulting from adaptation to reduced irradiance 
results in an increased cellular surface-to-volume ratio. The reduced 
total nonstructural carbohydrate concentrations from reduced irradi­
ance are likely a result of reduced cell volume and reduced net photo­
synthesis. There might be a minimum amount of protein required for 
proper cellular function to occur regardless of environmental stress. 
McMillen and McClendon (1983) reported that sun- and shade-adapted 
leaves have similar quantities of enzymes for photosynthesis and 
respiration. Reduced cell volume while maintaining protein levels would 
serve to increase cellular protein concentrations. Wong and Wilson 
(1980) reported an increase in nitrogen concentration and shoot nitrogen 
-1 yield (kg N ha" ) with decreasing irradiance for Panicum maximum var. 
trichoglume; thus, increased total nitrogen uptake from the soil seems 
to consistently occur with low-irradiance adaptation. Therefore, the 
increased nitrogen concentration is likely caused by increased nitrogen 
uptake and reduced cell volume. How the nitrogen is partitioned war­
rants further study. 
Cell-wall components Most investigations of irradiance effects 
on forage nutritive quality show that cell-wall, lignin, cellulose, and 
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crude fiber concentrations decrease with increasing growth irradiance 
(Burton et al., 1959; Henderson and Robinson, 1982a; Wilson and Wong, 
1982; Garza et al., 1965; Navarro-Chavira and McKersie, 1983; Blair 
et al., 1983; Might et al., 1968; Dienum and Dirven, 1972). Decreases 
in cell-wall concentration are often associated with increases in cell 
volume and soluble carbohydrate concentrations. Wilson and Wong (1982) 
reported reduced cell-wall and total nonstructural carbohydrate concen­
trations with decreased irradiance regime in Panicum maximum var. 
trichoglume leaves and stems. These authors believed that the cell-
wall fraction was diluted by the increased nitrogenous fraction. In 
their study, however, the yield was greatest for the shaded treatments; 
thus, photosynthates that otherwise would have gone to cell-wall 
fractions were partitioned into some other yield component. This is 
the most likely explanation because the nitrogenous fraction did not 
dilute the lignin fraction in conjunction with the cell-wall fraction. 
Also, the lignin concentration in stem tissue significantly increased 
as irradiance decreased. If the lignin concentration is divided by the 
cell-wall concentration, it becomes evident that the cell-wall lignin 
concentration is consistently one percentage unit higher for the 40% 
of available irradiance regime than that with the full irradiance 
treatment. Wilson and Wong did not report cellulose and hemicellulose 
concentrations, but it is possible that the carbohydrate fraction of the 
cell wall was reduced with lower irradiance leading to higher cell-wall 
lignin concentrations. 
Several studies that report increased cell-wall concentration with 
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reduced irradiance also reported an associated increase in lignin and 
cellulose concentrations (Burton et al., 1959; Blair et al., 1983; 
Might et al., 1968). The hemicellulose fraction seems to be less 
affected than the cellulose and lignin fractions (Henderson and 
Robinson, 1982a). 
Henderson and Robinson (1982a) observed lower herbage lignin con­
centrations with reduced irradiance in four growth-chamber-grown 
grass species. Burton et al. (1959) reported that irradiance effects 
on cellulose concentration were minimal, while shade strongly increased 
the herbage lignin concentration of Cynodon dactyl on. Garza et al. 
(1965) reported greater cellulose digestibility for Medicago sativa 
grown under shaded conditions. The literature fails to indicate con­
sistent responses of cell-wall components to irradiance adaptation. 
Also, some studies allow only a few days of growth under shaded con­
ditions; thus, changes in cell-wall concentration actually reflect 
changes in soluble carbohydrate concentration (Might et al. 1968). 
Growth chamber studies often fail to include irradiance levels similar 
to field conditions (Navarro-Chavira and McKersie, 1983). Also, most 
of the recent studies have focused on grass species in warm climates 
(Burton et al., 1959; Henderson and Robinson, 1982a; Wilson and Wong, 
1982; Navarro-Chavira and McKersie, 1983). Henderson and Robinson 
(1982a) reported that temperature was consistently more influential on 
cell-wall composition than irradiance regime. 
Digestibility Compared to high-irradiance conditions, the low 
concentration of soluble carbohydrates associated with growth under 
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low-irradiance conditions lowers forage digestibility; however, the 
high concentration of nitrogenous compounds associated with low-
irradiance conditions acts to increase digestibility. The literature 
indicates, however, that the net effect of low irradiance on total 
herbage is to reduce digestibility (Wilson and Wong, 1982; Garza et 
al., 1965; Navarro-Chavira and McKersie, 1983; Blair et al., 1983; 
Might et al., 1968). 
The digestibility of total herbage is influenced largely by the 
leaf-to-stem ratio of the herbage and digestibility of the stem 
(Terry and Til ley, 1964). Leaf tissue is highly digestible in most 
species. Eriksen and Whitney (1981) reported that the leaf-area ratio 
of six grasses increased with reduced irradiance. Wilson and Wong 
(1982) reported that the leaf-to-stem ratio is increased in the upper 
canopy but reduced in the lower canopy by growth in low-irradiance 
regimes. Conversely, Deinum and Dirven (1972) observed that the leaf 
fraction of the total herbage of Brachiaria ruziziensis did not signifi­
cantly change with irradiance regime. 
Wilson and Wong (1982) observed that Panicum maximum var. 
trichoqlume grown under 40% of available solar irradiance had reduced 
in vitro digestible dry matter (IVDDM) concentration for both leaf and 
stem tissue by about 3 to 5 percentage units compared with full 
irradiance. In addition to the lower soluble carbohydrate concentra­
tion associated with low irradiance, they attributed the lower digesti­
bility of leaf and stem tissues to a reduced digestibility of the 
cell-wall material, probably caused by a higher cell-wall lignin 
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concentration. Deinum and Dirven (1972) observed a higher crude-fiber 
concentration in leaf and stem tissue from low-irradiance regimes, 
which would serve to reduce digestibility of total herbage. 
Similar to results for cell-wall components, there are conflict­
ing reports for the effects of irradiance regime on IVDDM. Struik 
(1983) reported that shading did not affect the cell-wall digestibility 
of Zea mays total herbage, rather the reduced IVDDM of the total herbage 
was caused by a reduced soluble carbohydrate concentration. Low irradi­
ance severely restricted ear development and hence IVDDM of the total 
herbage. 
Henderson and Robinson (1982b) subjected four grasses to vari­
ous treatments of growth irradiance and temperature. In all species, 
IVDDM decreased as temperature increased; however, irradiance responses 
were either positive or negative, depending on species and temperature. 
For two cultivars of Cynodon dactyl on, the effect of irradiance on 
IVDDM was negative at 26/15°C regimes and positive at 35/24°C regimes, 
while the reverse responses were observed for Paspalum notatum and £. 
dilatatum. Evidently, there are strong interactions among all environ­
mental effects on forage nutritive quality and digestibility. 
Forage nutritive quality Environmental influences on forage nu­
tritive value is a discipline which has only recent acquired the atten­
tion of forage researchers. Little conclusive information has been pro­
vided on nutritive value relationships with irradiance regime. Only two 
sentences addressed this topic in a recent forage textbook which read: 
Light supports photosynthesis, which fosters the synthesis 
of sugars and organic acids. Independent of temperature. 
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this becomes a vector toward increasing digestibility 
of the plant . . . (Van Soest, 1985). 
Nutritive value is determined by the metabolic end-products of what sugars 
and organic acids become in the plant. Clearly, a better understanding 
of plant metabolism relationships with environmental factors is needed. 
Few recent investigations have evaluated Cg grass species or con­
trasted Cg and grass species for responses of nutritive quality to 
irradiance regime. Ford et al. (1979) compared temperature effects on 
cell-wall components for Cg and grasses. They observed with Cg 
leaves that increases in temperature fostered higher cell wall, cell-
wall lignin, and cellulose concentrations; however, with leaves 
temperature had the opposite effect. They proposed that temperature 
affects cell-wall components through two relationships. First, 
increased temperature influences rate of growth and leaf expansion. 
A fast growth rate leads to thin cell walls and less secondary thicken, 
ing. Second, increased temperature increases the rate of maturation. 
For species, excessive temperature slows growth while maturation is 
hastened, thus leading to greater concentrations of cell-wall material. 
For species, increased temperature increases the growth rate more 
than maturation and hence lowers cell-wall concentrations. 
Forage grasses that are associated with photosynthesis are, in 
general, of lower nutritive value than grasses (Minson and McLeod, 
1970). This difference has been attributed to the bundle-sheath cells 
associated with Kranz anatomy. In species, the thick, suberized 
bundle-sheath cells are resistant to ruminant microbial digestion 
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(Wilson et al., 1983; Wilson and Hattersley, 1983). Leaves of species 
also have a lower proportion of mesophyll tissue which is more readily 
digested (Wilson et al., 1983; Wilson and Hattersley, 1983). There 
seems to be no distinctive nutritive quality characteristic for stem 
tissue associated with photosynthetic type (Akin et al., 1984). 
The digestibility of mesophyll tissue varies with photosynthetic 
type. Akin et al. (1983) observed that the average IVDDM of mesophyll 
tissue of Panicum species was 86, 80, and 72% for C^, Cg, and Cg/C^ 
intermediate species, respectively. Bundle-sheath IVDDM concentrations 
for these species were 50, 88, and 93%, respectively. It is interest­
ing to note that the IVDDM values for the C^/C^ intermediate types 
were not intermediate to the other two types. If only the cells 
responsible for primary Calvin cycle operation are considered, the 
intermediate types fall into the expected rank. The primary Calvin 
cycle cells are the mesophyll cells for the Cg and Cg/C^ intermediate 
species, and the bundle sheath cells for the C^ species. Panicum Cg/C^ 
intermediates are characterized as having Kranz anatomy and reduced 
COg compensation points, but are Cg in carbon fixation characteristics 
(Brown et al., 1983; Brown and Brown, 1975). The IVDDM of the Calvin 
cycle cells were 80, 72, and 50% for the Cg, Cg/C^, and C^ types, 
respectively. Leaf density and cell-wall components have shown similar 
trends (Wilson et al., 1983). 
These results suggest that photosynthate flux might influence the 
amount of cell wall produced in a leaf. Bundle-sheath cells in a C^ 
plant have ample starch grains [indicative of COg fixation exceeding 
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photosynthate export (Rufty and Huber, 1983; Portis, 1982, 1983)], and 
thick cell walls. In contrast, Cg mesophyll cells often lack starch 
grains and have relatively thin cell walls. Also, mesophyll cells 
characteristically have a significant degree of photosynthetic carbon 
oxidation. No investigation to date has related source/sink relation­
ships with measures of nutritive value. 
The adaptive and metabolic activity of plants grown within reduced 
irradiance regimes usually leads to reduced nutritive value. Namely, 
plants adapt by reducing the amount of highly digestible mesophyll 
within the leaf, and have lower readily available carbohydrate concen­
trations. Additionally, it is clear that irradiance can induce a 
change in the relative abundance of cell-wall material, thus affecting 
digestibility in a positive or negative fashion. 
Source sink relationships 
The plant cell wall represents a major metabolic sink for photo­
synthate accumulation. Cellulose is the world's most abundant 
biologically synthesized polymer (Goodwin and Mercer, 1983). It would 
be reasonable to speculate that the cell wall is the major photo­
synthate sink and that biomass accumulation in this tissue is closely 
related to the total net photosynthesis of the plant. No investigation 
has been directed toward elucidation of the relationship between photo­
synthate supply and accumulation of cell-wall components. 
The major carbohydrate storage pools of forage species consist of 
specialized plastids and vacuoles in parenchymous tissue of roots. 
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rhizomes, stems, and reproductive organs. The energy stored in these 
sinks is later used for regrowth or to insure the reproduction of the 
species. Atkinson and Farrar (1983) studied the photosynthate parti­
tioning patterns of Festuca ovina and Nardus stricta. Although these 
two species have low relative growth rates and leaf photosynthesis 
rates, they had high total nonstructural carbohydrate concentrations. 
There was a very high turnover of carbohydrates within the storage 
fraction, the contents of which had a half-life of 14 to 25 h. The 
cell wall functions as a structural pool with a static accumulation of 
photosynthate. Therefore, these two sinks differ in that one is a 
static pool of carbon, and the other has a high turnover rate. The 
high degree of turnover within the storage fraction facilitates a 
greater degree of coupling to photosynthate sources. 
The literature indicates a coincidence of enhanced cell-wall 
accumulation when photosynthate supply regularly exceeds storage and 
meristematic sink demands. Might et al. (1968) stated that high plant 
growth rates are associated with low soluble-carbohydrate levels. 
Henderson and Robinson (1982b) remarked that conditions that favor 
maximum growth rates frequently result in reduced forage quality 
(i.e., a consistent excess of photosynthate). In four and two 
annual species, Zangerl and Bazzaz (1984) found that COg enrichment 
changed partitioning of photosynthate more toward the vegetative parts 
as opposed to the seeds. These findings make it tempting to speculate 
that when conditions of excessive photosynthate occur, a greater degree 
of cell-wall development ensues. 
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Labhart et al. (1983) observed with Festuca pratensis that growth 
temperature had a greater influence on rate of development than did PAR 
level. Also, water-soluble-carbohydrate concentrations in leaf blades 
and stems increased after panicle emergence except with a low tempera­
ture treatment (16/11°C). A greater degree of secondary cell-wall 
development is often associated with post-boot stages of maturity, and 
high levels of water-soluble-carbohydrates in leaves may indicate that 
carbon fixation is exceeding growth needs. Baysdorfer and Bassham 
(1985) reported that defoliation treatments resulted in a rapid increase 
in leaf photosynthetic rate of Medicago sativa. They concluded from 
their defoliation and COg enrichment experiments that photosynthesis of 
Medicago sativa seedlings is source limited, contrasting this with 
mature plants where photosynthesis is limited by the rate at which 
photosynthate is utilized. This again coincides with the period during 
which a great amount of secondary cell-wall development is occurring. 
No studies have investigated forage nutritive quality with the 
principles of photosynthate partitioning in mind. There is a hint of 
evidence in the literature that the structural photosynthate pool is 
less tightly coupled to photosynthate supply than the other less static 
pools. It may be hypothesized that cell-wall development is greater 
when sink limitations to photosynthesis prevail. Development under 
reduced irradiance conditions may provide for a source limitation to 
growth and hence less cell wall. The relative abundance of cell-wall 
components will likely vary with species. 
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PART I. IRRADIANCE REGIME EFFECTS ON PLANT MORPHOLOGY AND 
GROWTH OF C3 AND C^ GRASSES 
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INTRODUCTION 
Morphological characteristics associated with adaptation to 
irradiance regime have been investigated for many years. Some of the 
earliest work was by Stahl (1883, 1886), who studied leaf char­
acteristics within deciduous tree canopies. Penfound (1931) later 
studied responses of dicotyledonous species to artificially induced 
shade. More recently. Cooper and Tainton (1968) and Prioul et al. 
(1980a, 1980b) studied morphological and anatomical aspects of 
adaptation to irradiance level. 
Common adaptive responses to reduced irradiance include increases 
in the leaf-area ratio, leaf-to-stem ratio, and stem length and de­
creases in specific-leaf weight, plant dry weight, leaf thickness and 
reduced root growth relative to shoot growth (Boardman, 1977; Cooper 
and Tainton, 1968; Corrê, 1983; Pearce and Lee, 1969; Jones, 1985). 
Increased leaf-area ratio occurring with reduced specific-leaf weight 
of plants grown under low irradiance has been associated with reduced 
leaf thickness. Dicotyledonous species possess a stratified anatomical 
leaf structure with palisade cells over spongy mesophyll cells. For 
these species, variations in leaf thickness associated with adaptation 
to irradiance level are often accomplished by varying cell number per 
unit of leaf thickness (Boardman, 1977; Lichtenthaler, 1981). For 
temperate grasses, however, leaf thickness adjustments are facilitated 
via changes in cell size and not by adjustments in cell number (Cooper 
and Tainton, 1968). There is a paucity of information regarding 
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morphological adaptation to irradiance for grass species. 
Stem etiolation is often observed with moderate reductions in 
irradiance level. The degree of stem etiolation is influenced by 
photosynthate availability and the capability of the plant to parti­
tion photosynthates into stem growth. Altered partitioning increases 
stem length at the expense of root growth and stem girth (Corré, 1983; 
Jones, 1985). Ultimately, stem etiolation is not observed when irradi­
ance level is reduced such that photosynthesis limits all plant 
developmental processes. 
Relative growth rate is the product of a morphological component 
(leaf-area ratio) and a metabolic component (net assimilation rate), 
both of which are significantly affected by the irradiance conditions 
under which a plant develops. A reduced relative growth rate when 
plants are grown under low irradiance is caused by a reduced net 
assimilation rate because the leaf-area ratio usually increases with 
reduced irradiance. Corré (1983) observed with six species that rela­
tive growth rate was not influenced by growth irradiance levels above 
about 60 W m" (PAR), suggesting that at these irradiance levels, leaf-
area ratio and net assimilation compensate to maintain the relative 
growth rate. 
Most studies report a positive response of dry-matter yield to 
irradiance level (Burton et al., 1959; Garza et al., 1965; Walgenbach 
and Marten, 1981; Henderson and Robinson, 1982b). Burton et al. (1959) 
reported that reductions in both tiller number per unit harvest area 
and the leaf-area index contributed to yield reductions. Wong and 
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Wilson (1980) observed increased dry-matter yields of Panicum maximum 
var. trichoglume when grown under 40 and 60% of available irradiance 
and harvested in 8-week intervals as compared to when growth occurred 
in full solar irradiance. Dry-matter yield responded positively to 
irradiance, however, when a 4-week harvest schedule was administered. 
Wong and Wilson (1980) also observed greater leaf photosynthesis 
(^^COg uptake method) under 40 and 60% of available irradiance than for 
full solar irradiance with an 8-week harvest interval. It is possible 
that the net-assimilation rate was greater for their 40 and 60% of 
available irradiance treatment than the full solar treatment. 
Plant morphology plays an integral part in plant growth responses 
and characteristics, and irradiance regime induces a definite response 
in these plant properties. Little information is available on the com­
parative response of Cg and species to irradiance level. The 
objective of this investigation was to compare and forage grass 
species for morphological and growth responses to various growth 
irradiance regimes. 
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MATERIALS AND METHODS 
Species and Shade Treatment 
In April 1983, a field study was initiated that employed five 
forage grass species of differing photosynthetic type grown under three 
levels of irradiance. The species were tall fescue (TPS) (Festuca 
arundinacaea Schreb., 'Kentucky-31'), reed canarygrass (RCG) (Phalaris 
arundinacaea L., 'Vantage'), and deertongue grass (PCL) (Panicum 
clandestinum L., 'Tioga') while the species were switchgrass (SWT) 
(Panicum virgatum Michx., 'Cave-in-Rock') and big bluestem (BBS) 
(Andropogon gerardi Vit., 'Kaw'). Polypropylene fabric shades were 
used to impose irradiance treatments of 37% and 70% of available 
irradiance (AI) that were compared with a non-shaded control (100% AI). 
The average cloudless, mid-day photosynthetic photon flux density (PPFD) 
was 690, 1424, and 1993 ymole m"^ s'^ (400-700 nm) for the 37, 70, and 
100% AI treatments, respectively. 
Site Location and Characteristics 
The study was located at the Iowa State University Agronomy and 
Agricultural Engineering Research Center, Boone County, Iowa. The soil 
type was a Canesteo silty clay loam [fine-loamy, mixed (calcareous), 
mesic Typic Haplaquoll] with a pH range from 6.5 to 7.0. In October 
1983, soil test analysis indicated 77 kg ha~^ available P and 100 kg 
ha"^ available K. 
All grasses except BBS were planted in rows 230-mm apart with a 
Planet Jr. single row seeder on 10 May 1983. The BBS plots were planted 
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by hand on 26 May 1983. The seeding rates were 9, 17, 11, 11, and 13 
kg ha"^ pure live seed for BBS, PCL, RCG, SWT, and TPS, respectively. 
All of the grasses were allowed to establish during the 1983 growing 
season before clipping occurring in late July. The study area was 
broadcast fertilized twice annually with 90 kg ha"^ N and once every 
spring with 168 kg ha"^ PgOg and 336 kg ha"^ KgO. 
Experimental Design 
The experimental design was a split-split-plot with four com­
pletely randomized blocks. The whole-plots consisted of the irradiance 
treatments; 4.5 x 11.3 m fabrics suspended about 1 m above the soil 
surface using steel fence posts and heavy duty galvanized wire (9 ga.) 
as supports. Sub-plots were the individual grass species, consisting 
of six rows approximately 3-m long. Every whole-plot had a TPS border 
on the east and west ends. The sub-sub-plots were 0.9 x 0.6 m harvest 
areas randomly assigned to three quadrats within the sub-plots. Three 
harvests per year were obtained which occurred on 5 June, 18 June, and 
11 July in 1984 and 28 May, 17 June, and 8 July in 1985. 
Harvest Techniques and Pield Data Collection 
The sub-sub-plots were harvested at 25 mm above the ground surface, 
transported indoors, and total fresh weight was determined. Maturity 
(Simon and Park, 1981), stem length (to top collar or peduncle base), 
leaf area, leaf dry weight, and stem dry weight were determined on 
twenty randomly selected tillers. Leaf area was determined by using a 
LI-3000 planimeter (LI-COR Inc., Lincoln, Neb.). These data were used 
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to determine leaf-to-stem ratio (LSR), specific-leaf weight (SLW), 
leaf-area ratio (LAR), and leaf area per plant. 
The remaining material from the sub-sub-plots was divided such that 
leaf blade, stem (stem, leaf sheath, and inflorescence), and total 
herbage samples were obtained for total dry weight and nutritive-quality 
analysis. All samples were dried for 48 to 72 h at 50°C. Yield was 
determined as the total dry weight of all samples collected from a 
sub-sub-plot. Leaf-area index (LAI) was determined as the product of 
yield and LAR. 
Growth analysis was done by the methods of Kvet et al. (1971). 
The mean crop growth rate (CGR), net assimilation rate (NAR), relative 
growth rate (RGR) and stem growth rate (STGR) were determined for the 
periods between the first and second harvests (PI) and the second 
and third harvests (P2) for each year. 
Climatological Data 
Monthly total precipitation and mean temperatures for 1983, 1984, 
and 1985 are presented in Tables A.l and A.2, respectively. The 
establishment growing season (1983) received above average precipita­
tion. During the period between March and July of 1983, the total 
precipitation received was 179 mm greater than the normal for this 
period (Table A.l). Between March and July, the total precipitation 
was 103 mm greater than normal for 1984, but was 238 mm less than normal 
for 1985. Stress from excessive or deficient soil moisture was not 
observed during either year. The monthly mean temperatures were near 
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normal for 1983, while they were below normal for 1984 and above 
normal for 1985 (Table A.2). 
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RESULTS 
Irradiance Effects on Plant Morphology 
Plant morphology entails the interrelationships of plant form and 
structure. The basic units of plant morphological characters include 
the mass, area, length, and density of a plant or its parts. Although 
stem length and maturity are morphological characters, they are dis­
cussed separately from SLW, LAR, LSR and LAI in this study, because the 
species generally expressed different responses to irradiance for these 
measures. 
The year main effect was often significant; however, the year by 
irradiance level, year by species, and year by irradiance level by 
species interactions were generally not significant. The general 
influence of irradiance regime on these morphological measures is well-
established, and this investigation studied comparative responses of 
and species to irradiance. The species responses to irradiance did 
not appreciably differ between the 2 years; therefore, data are pre­
sented as the average over the 2 years. 
SLW. LAR. LSR and LAI 
The plant morphological variables (SLW, LAR, LSR. LAI) were sig­
nificantly affected by irradiance level in a linear fashion (Table I.l). 
Increasing irradiance resulted in increased SLW and LAI values while a 
negative response was observed for LAR and LSR (Table 1.2). These 
results provide evidence that the irradiance treatments induced morpho­
logical adaptation of all species. There were significant differences 
Table I.l. Mean squares from the combined 1984-1985 analyses 
Source df Mean squares 
Length Maturity SLW LAR LSR LAI Yield 
Irradiance 2 87.0 4.05 3605.0** 320.42** 1.18* 27.78** 935160** 
linear (1) 7092.7** 639.55** 1.73* 48.86** 1844542** 
lof 3 (1) 117.3 1.29 0.63 6.70 25779 
Error a 6 53.7 8.35 141.9 14.57 0.14 1.16 15653 
Species 4 21079.8** 6870.42** 10002.7** 163.20** 42.32** 31.93** 658716** 
Cg vs C4 (1) 1234.8** 104.53** 94.8 29.77** 0.07 44.12** 460289 
Irrad x species 8 47.3 5.11 60.6 1.09 0.38 2.94 33697* 
linear (4) 62269** 
C3 vs C4 (1) 214451** 
lof (4) 5124 
Error b 36 61.0 7.88 89.6 3.43 0.22 1.37 11258 
Harvest date 2 14876.3** 898.61** 6039.6** 892.46** 3.48** 14.46** 1426479** 
Irrad x harvest date 4 53.4 9.57 283.7** 5.94 0.002 0.27 63113** 
Species x harvest date 8 1732.8** 162.02** 460.3** 14.03** 0.39 7.49** 93908** 
Irrad x species x harv 16 38.3 4.35 80.4 2.25 0.17 1.37 8646 
Error c 90 26.3 6.13 64.0 3.30 0.21 1.01 9825 
®Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table 1.2. Linear regression coefficients of dependent variables 
against irradiance (% AI^) main effects 
Dependent % AI 
variable 37 70 100 0 
SLW (g m~2) 48.4 53.3 64.0 0.173 
LAR (m2 kg-T) 11.6 10.0 8.8 -0.052 
LSR (kg kg-T) 1.22 1.07 1.07 -0.0027 
LAI (m^ m"2) 2.88 3.63 3.77 0.014 
CGR (g m"^ day-1) 3.57 5.80 7.72 0.066 
NAR (mg m"^ day"!) 243 293 369 1.873 
RGR (g kg-1 day-T) 33.0 34.4 39.1 0.095 
^Percent of available irradiance. 
among species in SLW, LAR, LSR and LAI as indicated by a significant 
species main effect (Table I.l). The contrast between and 
types was significant for LAR and LAI (Table I.l). 
The differences between Cg and types are not readily evident 
when observing the species means (Table 1.3). The SLW, LSR and LAI 
of TPS were high relative to the other species, and may be responsi 
ble for the nonsignificant contrast between photosynthetic types for 
SLW and LSR. The means of SLW, LAR, and LSR for reproductive TPS 
tillers were 95.1 g m"^, 0.97 m^ kg"\ and 80.0 g kg"\ respectively. 
Data for TPS reproductive tillers were not included in the analysis of 
variance because of a low relative abundance in the harvested material 
and the drastic differences in morphology between reproductive and 
vegetative tillers. The data for the reproductive TPS tillers further 
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Table 1.3. Means for five grass species averaged over three levels 
of irradiance, three harvests per year, and 2 years 
a Ca C] 
Measurement 
BBS SWT PCL RCG TPS 
Length (cm) 
Maturity index^ 
14.3 38.1 37.0 46.6 6.6 
17.6 32.3 36.8 40.2 21.4 
SLW (g m-2) 51.1 51.4 34.1 37.1 63.0 
LAR (m^ kg-T) 13.0 10.0 13.7 10.9 12.4 
LSR (kg kg-T) 1.71 1.00 0.81 0.63 2.48 
LAI (m2 m-2) 2.73 3.97 3.02 3.14 4.28 
CGR (g m-2 day""") 5.96 10.47 4.39 4.79 2.87 
NAR (mg m-2 day-1) 315 456 257 233 249 
RGR (g kg-1 day-1) 
STGR (cm day~^ 
41.5 44.6 36.5 26.5 28.4 
2.9 11.3 8.6 7.7 0.0 
Measurements based on 20 plants per sub-sub-plot except with 
TPS for which 10 vegetative tillers were used. Yield based on total 
dry matter production per experimental unit. 
^Based on morphological scheme of Simon and Park (1983). 
suggest that TPS has a very high SLW. It is clear that types do 
not necessarily have greater SLW than Cg types. The LAR, LSR and LAI 
values for reproductive TPS tillers were relatively low, resulting 
from the small amount of leaf material associated with these tillers. 
The significant contrast between Cg and species for LAR and 
LAI implies a greater abundance of leaf area for the Cg types than the 
types (Table I.l and Table 1.3); however, the appreciable overlap 
among the species shows that differences in these characteristics 
are not a consequence of photosynthetic type. The irradiance by 
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species interaction was not significant for SLW, LAR, LSR and LAI, 
indicating that these species responded to irradiance in a similar 
manner (Table I.l). These results further show that morphological 
adaptation to irradiance regime did not vary according to photo-
synthetic type, and that the slopes presented in Table 1.2 apply to 
all five species. 
The morphological characters were significantly influenced by 
harvest date (Table I.l). There also was a significant species by 
harvest date interaction for SLW, LAR, and LAI. An ontogeny related 
increase in SLW for each of the species occurred, while LAR decreased 
with ontogeny for each species (Table 1.4). Decreased LAR resulted 
as stem elongation proceeded, and leaf senescence probably contributed 
to the decline in LAR. There was no clear date of harvest change in LAI 
for all species (Table 1.4). Ontogenetic changes in these morphologi­
cal characteristics should occur, and the fact that rate of ontogenetic 
change varied with species is not surprising. 
The irradiance level by harvest date interaction was significant 
for SLW (Table I.l). The linear effect for this interaction was also 
significant, and the means show that SLW was positively related to date 
of harvest and irradiance level; however, the ontogenetic increase was 
greater with the higher irradiance regimes (Table 1.5). 
Stem length and maturity 
The irradiance treatments did not measurably affect stem elonga­
tion or plant maturity (Table I.l). The species main effects for stem 
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Table 1.4. Means for five species and three annual harvests averaged 
over three irradiance levels and 2 years 
Measure Species Harvest 
LAI 
Yield 
cm 
Length PCL 20.4 39.2 51.2 
RCG 32.2 49.1 58.4 
TPS 6.6 5.9 7.3 
BBS 8.8 14.9 19.3 
SWT 17.5 36.6 60.4 
-index-
Maturity® PCL 34.3 36.1 40.0 
RCG 35.7 41.0 44.0 
TPS 21.3 21.5 21.5 
BBS 17.0 18.1 17.7 
SWT 26.0 32.5 38.3 
g rn-2 
SLW PCL 30.1 33.0 
RCG 33.2 36.1 
TPS 47.6 67.2 
BBS 43.7 49.5 
SWT 47.2 50.0 
kg" 
39.2 
42.1 
74.3 
60.1 
57.0 
1 
LAR PCL 17.0 14.2 9.8 
RCG 13.3 10.8 8.4 
TPS 15.8 11.4 10.0 
BBS 15.2 12.9 10.8 
SWT 12.3 10.3 7.5 
m'- m 
PCL 2.74 3.38 29.3 
RCG 2.93 3.13 3.34 
TPS 4.74 3.95 4.16 
BBS 1.76 2.71 3.71 
SWT 3.28 3.86 4.79 
n 
PCL 166 268 331 
RCG 233 304 411 
TPS 314 364 415 
BBS 120 217 350 
SWT 291 416 701 
^Based on morphological scheme of Simon and Park (1983) 
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Table 1.5. SLW means for three annual harvests and three irradiance 
levels averaged over five species and 2 years 
Harvest % AI' 
37 70 100 
•g m - 2  
1 
2 
3 
37.1 
43.3 
46.2 
40.0 
45.1 
55.0 
43.9 
53.1 
62.4 
Percent of available irradiance. 
length and maturity showed significance among the species (Table I.l). 
Because of the overlap of means for both stem length and maturity 
among species, the significant contrast between Cg and types is of 
questionable meaning (Table 1.3). The relatively short stem length 
for BBS and TPS resulted from their relative immaturity, while RCG had 
the greatest stem length and the highest maturity rating. 
There was a significant year by irradiance level by species effect 
for stem length and maturity. In 1984, there was a significant non­
linear effect of irradiance on stem length, but the irradiance level 
by species interaction was not significant. In 1985, neither the 
irradiance level main effect nor the irradiance level by species inter­
action was significant. All species, except BBS, had reached near 
maximum stem length by the time of the final harvest of each year. 
The harvest date main effects and the species by harvest date 
interactions were highly significant, which would be expected for stem 
elongation and maturation (Table I.l). 
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Irradiance Effects on Dry Matter Yield 
Increasing irradiance significantly increased dry matter yield in 
a linear fashion (Table I.l and Table 1.6), providing additional 
Table 1.6. Means and regression coefficients for dry matter yield of 
five species and three irradiance levels averaged over 
three harvests per year and 2 years, and means for three 
annual harvests and three irradiance levels averaged over 
five species and 2 years 
"L AT® 
Type Species b 
37 70 100 
-2 g m g m-2%Al"l 
Co PCL 190 259 316 1.99 J RCG 255 335 358 1.66 
TPS 284 373 434 2.38 
c. BBS 117 236 334 3.46 4 SWT 313 504 591 4.43 
Harvest 
1 169 241 264 
2 222 319 400 
3 305 464 556 
^Percent of available irradiance. 
evidence that growth of these species was influenced by the irradiance 
treatments. There were significant differences in dry matter yield 
among species, but the differences were not attributed to photosynthetic 
type (Table I.l). The relatively low yield of BBS is a reflection of 
the late spring initiation of growth that also was reflected in the 
immaturity of the species compared to the other species (Table 1.3). 
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There was a significant irradiance level by species interaction 
and a significant corresponding linear effect (Table I.l). Contrasting 
yield response to irradiance showed that the types were more 
responsive to irradiance than the Cg types, with the average regression 
-? -1 
coefficient being 2.01 and 3.94 g m' % AI" for the and entries, 
respectively (Table I.l and Table 1.6). 
A significant harvest date main effect indicated an ontogenetic 
increase in yield (Table I.l and Table 1.6). A significant species 
by harvest date interaction was also observed (Table I.l). The 
species expressed a greater ontogenetic increase in yield than the 
types (Table 1.4). A significant irradiance by harvest date interaction 
was also observed, with the lowest yield response to irradiance occur­
ring for the first harvest. The yield differences between the 37% AI 
treatment and the 100% AI treatment were 56, 80, and 82% for the first, 
second, and third harvests, respectively (Table 1.6). 
Irradiance Effects on Plant Growth 
There was a significant linear increase in CGR, NAR and RGR with 
increasing irradiance (Table 1.2 and Table 1.7). The LAR decreased 
with increasing irradiance. Because RGR is the product of NAR and 
LAR, the positive response of RGR was caused by an increasing NAR with 
increasing irradiance. The positive response of CGR to irradiance 
reflects the greater yield potential for the 100% AI treatment. 
The significant differences in CGR, NAR and RGR among species was 
attributed to the different photosynthetic types (Table 1.7). The C^ 
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Table 1.7. Mean squares of combined 1984-1985 analyses 
Source df Mean squares 
C6R NAR R6R STGR 
Irradiance 2 344.9* 321973** 805* 37.4 
linear (1) 689.6* 630745** 1445* 
lofa (1) 0.2 13200 164 
Error a 6 67.6 21879 143 15.4 
Species 4 399.8** 404464** 3004** 997.4** 
C3 vs C4 (1) 130.0** 184407** 2783** 25.8 
Irrad x species 8 32.7 17974 256 26.3 
Error b 36 23.3 11450 157 15.4 
Period 1 0.003 1522908** 43808** 556.1** 
Irrad x period 2 47.7 13179 409 25.7 
Species x period 4 113.0 87672* 1283* 159.3** 
Irrad x species x period 8 29.4 38157 462 18.2 
Error c 45 47.3 30729 368 16.3 
Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
types had 105, 52 and 41% greater CGR, NAR and RGR than the Cg types, 
respectively (Table 1.3). There also was a significant difference 
among species for STGR; however, this difference was not attributed to 
photosynthetic type (Table 1.7). The two species with the lowest 
maturity rating (BBS and TPS) also had the lowest STGR. Again, BBS 
was slow to start growth in the spring and TPS values were for vegeta­
tive tillers as there were very few reproductive tillers in this species. 
There was not a significant irradiance by species interaction for 
any of the growth analysis variables, suggesting that species of differ­
ing photosynthetic type adapt their growth responses to irradiance level 
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in similar manners. 
The period main effect was not significant for CGR (Table 1.7). 
There was a significant difference between periods for NAR, RGR and 
STGR (Table 1.7) with a 72, 123 and 66% greater NAR, RGR and STGR, 
respectively, for PI than for P2. The species by period interaction 
also was significant for NAR, RGR and STGR (Table 1.7). The difference 
between periods in NAR and RGR was greatest for BBS and PCL, while 
the difference between periods in NAR and RGR was similar for RCG, 
TPS and SWT (Table 1.8). The change in STGR between periods v/as 
noticeably different for all of the species (Table 1.8). Therefore, 
photosynthetic type does not necessarily influence the ontogenetic 
change in growth responses. 
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Table 1.8. Means for five species and two growth periods averaged 
over three irradiance levels and 2 years 
Measure Species Periods 
PI P2 
CGR 
MAR 
RGR 
STGR 
PCL 
RCG 
TPS 
BBS 
SWT 
PCL 
RCG 
TPS 
BBS 
SWT 
PCL 
RCG 
TPS 
BBS 
SWT 
PCL 
RCG 
TPS 
BBS 
SWT 
-2 J -1 
— - g  m  d a y  
6.04 
4.76 
3.56 
6.13 
7.98 
-2  
355 
288 
299 
461 
504 
54.4 
36.4 
37.4 
61.7 
55.1 
2.74 
4.83 
2.19 
5.79 
12.96 
-mg m day •1  
-g kg"^ day 
-mm day •1 
11.87 
11.25 
0.07 
3.90 
11.80 
159 
177 
198 
168 
409 
•1 
18.6 
16.6 
19.5 
21.2 
34.0 
5.37 
4.13 
0.07 
1.97 
10.79 
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DISCUSSION 
All five of the species involved in this study adapted to the 
imposed irradiance regimes. The long-term reductions in irradiance 
resulted in reduced SLW and LAI, while LAR and LSR were increased. 
High LAR with concurrent low SLW is associated with the development 
of relatively large, thin leaves (Corrë, 1983). The results of this 
study are in agreement with Cooper and Tainton's (1968) conclusion 
that the leaf-to-stem ratio of forage grasses increases with reduc­
tions in irradiance. 
A noteworthy observation of this study is that the C^ and 
species expressed similar morphological adaptation to irradiance. It 
is tempting to conclude that for both C^ and C^ grass species, reduc­
tions in leaf thickness are brought about by reductions in cell size 
rather than cell number, as was noted for Cg grass species by Cooper 
and Tainton (1968) and Prioul et al. (1980a). The literature contains 
little information on the response of internal leaf anatomy of C^ grass 
species to irradiance level. Mesophyll and bundle-sheath cell number 
per unit of leaf thickness in C^ leaves has already been economized, 
so variations in leaf thickness are likely to be related to cell size. 
It is possible, however, for leaf thickness adaptation in C^ species 
to be associated with reduced cell number within vascular bundles. 
The effect of irradiance level on CGR, NAR and RGR was similar 
for both Cg and C^ species. Yet, yield of the C^ species was more 
affected by irradiance level than was yield of the Cg species. It is 
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particularly interesting that the NAR response to irradiance level was 
parallel for the photosynthetic types. The entries had a greater 
overall NAR that resulted in greater CGR and RGR. When one considers 
that dry matter yield is a reflection of seasonal net photosynthesis 
and that irradiance level affects the accumulation of dry matter more 
for species than for species, it is tempting to conclude that 
the seasonal net photosynthetic assimilation of the species was 
more sensitive to irradiance regime than seasonal photosynthetic 
assimilation of the Cg species. Results in Part II of this study show 
that this was true for instantaneous leaf net photosynthesis. 
The roots represent a major fraction not accounted for in this 
study. Penfound (1931) reported that root growth of Helianthus annuus 
was retarded to a greater degree than top growth of plants grown under 
18% of available irradiance when compared to plants grown under full 
irradiance. If the NAR response to irradiance regime is indeed similar 
for the Cg and entries, dry-matter accumulation into the roots could 
be involved as a buffer. Also, cloudy days and leaf senescence would 
serve to equalize the NAR of these species. 
Irradiance effects on morphology did not change with advancing 
ontogeny. Also, irradiance did not affect plant maturation of either 
the Cg or species. The Simon and Park (1983) scheme for quantifying 
the maturation process relies on the accurate description of the 
morphological stages of development. The ultimate result of plant 
maturation is vegetative or sexual reproduction. The results of this 
study indicate that irradiance levels within the range of 37 to 100% AI 
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do not alter plant ontogeny or morphological development. Rather, the 
inherent characteristics of the plant's morphology are adapted to mini­
mize any restrictions on development. 
Orians and Solbrig (1977) concluded that leaf adaptation to a 
given environment serves to maximize leaf function within physiological 
constraints that prevail. For the grass species in this study, the 
morphological adaptive strategy seems to be related to increasing leaf 
area at the expense of leaf thickness. That plant ontogeny and 
maturation were not influenced by irradiance suggests that adaptation 
to reduced irradiance strives to maximize plant function. 
Other forms of environmental constraints, such as water stress, 
induce an altered rate of maturation in grass species. Wilson and Ng 
(1975) reported that water stress occurring before stem elongation 
induces a delay in the maturation processes, while water stress 
occurring during or after stem elongation and flowering tends to hasten 
maturation. It is evident that the strategy of these types of adapta­
tion is to insure sexual reproduction. 
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SUMMARY AND CONCLUSIONS 
Plant adaptation to an irradiance regime involves the inherent 
manipulation of morphological and growth response characteristics. 
The objective of this field study was to compare C^ and forage grass 
species for aspects of plant adaptation. The grass species included 
two C^ types: big bluestem (BBS) and switchgrass (SWT); and three Cg 
types: deertongue grass (PCL), reed canarygrass (RCG) and tall fescue 
(TPS). Three levels of irradiance were employed: 37, 70 and 100% AI; 
and canopies were sampled on three occasions annually during two spring 
growth seasons. 
The morphological characteristics associated with adaptation to 
increasing irradiance included increased SLW and LAI, and decreased 
LAR and LSR. The results of the study suggest that morphological 
adaptation to irradiance is similar for both Cg and grass species. 
This finding seems to agree with Gifford's (1974) report that the 
potential advantage of C^ species is less evident at the whole plant 
and canopy level of observation than at the cellular level. 
There was also parallel response to irradiance level among the Cg 
and C^ species for CGR, NAR and RGR. The findings of Gifford (1974) 
also apply to these variables because the determination of CGR, NAR 
and RGR is based upon canopy level dry-matter accumulation. 
The effect of irradiance regime on dry-matter yield was greater 
for the C^ species than for the Cg species. There was no significant 
difference for average yield between photosynthetic types; however, BBS 
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had not attained the reproductive stage of maturity by the time of the 
final harvest within each year. This seems to agree with the conclu­
sion of Cooper and Tainton (1968) that differing growth responses 
between Cg and grasses are a consequence of differences in photo-
synthetic strategy rather than in morphological responses to the 
envi ronment. 
Irradiance regime did not effect the rate of plant maturation or 
ontogenetic morphological changes. Additionally, ontogenetic changes 
in CGR, NAR and RGR were not altered by irradiance regime. The forage 
grass species employed in this study displayed a seemingly similar 
strategy for adaptation to irradiance. Morphological adaptations will 
result in an adjustment of energy balance relationships and forage 
nutritive value. The consequences of adaptation on these relationships 
are presented in the following sections. 
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PART II. IRRADIANCE REGIME EFFECTS ON GASEOUS AND ENERGY 
EXCHANGE PROPERTIES OF A C3 AND A C^ GRASS 
71 
INTRODUCTION 
The results of Part I indicate that the employed and forage 
grass species morphologically adapted to irradiance in a similar manner. 
Furthermore, growth responses to irradiance level were similar for 
these species. The response of dry matter yield to irradiance, how­
ever, differed such that the species were affected more by irradi­
ance level than the species. 
Adjustment of plant morphology potentially results in changes in 
gaseous and energy exchange properties of a plant. Leaf size and 
shape influence irradiance interception, internal leaf morphology and 
sensible heat flux properties. Stem etiolation may serve for ad­
vantageous lamina positioning within a canopy. 
Boardman (1977) concluded that growth under reduced irradiance 
regimes results in lowered photosynthetic capacity and often results in 
increased stomatal resistance, promoting a theory that the reduced 
photosynthetic capacity of shade adapted plants is in part caused by 
elevated stomatal resistance. Wong et al. (1985) and Caemmerer and 
Farquhar (1984), however, have reported that stomatal resistance seems 
to reflect, but not limit photosynthetic capacity. Nobel et al. (1975) 
tested the hypothesis that the ratio of internal to external leaf 
surface area (a'^^^/A) is the major determinant of photosynthetic 
capacity in regard to adaptation to irradiance regime. They found that 
changes in A^^^/A paralleled changes in leaf thickness and photo­
synthetic capacity, while the resistance to COg uptake per mesophyll 
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cell remained constant regardless of irradiance regime. Singh et al. 
(1974), Eagles and Treharne (1969), Prioul et al. (1980a), and Torisky 
and Servaites (1984) provided evidence that lowered RuBP carboxylase 
activity also contributes to lowered photosynthetic capacity associated 
with growth under low irradiance regimes. 
Leaf photosynthesis and photosynthetic capacity are usually measured 
in the laboratory under ideally maintained conditions for COg fixation. 
Little information exists that describes leaf photosynthesis responses 
to irradiance regime under field conditions. Wong and Wilson (1980) re­
ported greater uptake of ^ ^COg by leaves of Panicum maximum var. tricho-
glume grown under 40 and 60% of available irradiance than that measured 
for full solar irradiance. These results were not expected and suggest 
that growth under reduced irradiance levels does not necessarily equate 
to a reduced photosynthetic capacity. Further information is needed 
describing photosynthesis activity under field conditions. 
Taylor (1975) proposed that plant adaptive and instantaneous 
(stomatal) responses act to maximize net photosynthesis and produc­
tivity rather than optimize water-use efficiency. He argued that leaf 
form adaptations are largely a response to maintain a favorable energy 
balance. Buxton and Stapleton (1970) showed a close relationship be­
tween leaf form and boundary layer resistance to water vapor and heat 
loss. Therefore, large leaf dimensions serve to disassociate leaf 
temperature from air temperature. Another major determinant of leaf 
temperature is transpiration rate, which in turn is largely influenced 
by stomatal resistance. 
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As noted, stomatal resistance probably reflects photosynthetic 
capacity; however, stomatal resistance may restrict transpiration rate 
and thereby influence leaf temperature. The theory that stomatal 
resistance does not restrict photosynthetic capacity is likely to hold 
true only for the conditions to which a leaf has adapted. Conditions 
for which stomatal resistance restricts photosynthesis, such as ex­
treme water stress, also are conditions for which many plants have 
limited capability to adapt. 
For conditions to which a plant is adapted and can respond, 
stomatal resistance may serve to "fine-tune" or maximize photosynthesis 
by adjusting leaf temperature. This may be tested by measuring gaseous 
and energy exchange variables under various irradiance regimes. Reduced 
irradiance levels also have lowered energy influx and induce a change in 
plant morphology which can influence boundary layer resistance. 
A major difference between and photosynthetic types is their 
responses to environmental temperature and energy balance (Monson et 
al., 1986; Kemp and Williams, 1980; Teeri and Stowe, 1976). Photo­
synthesis of species is more responsive to irradiance level than that 
of species (Jones, 1985). Gaseous and energy exchange responses to 
irradiance regime of Cg and species during growth have not been com­
pared under field conditions. The objective of this study was to com­
pare the gaseous and energy exchange characteristics of a Cg and a 
forage grass after adaptation to three irradiance regimes under field 
conditions. 
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MATERIALS AND METHODS 
The experimental design and field conditions for this field-based 
experiment were presented in Part I. Instantaneous gaseous and energy 
exchange data were collected on cloud-free days during the week before 
field harvests described in Part I. Time constraints allowed only two 
species to be measured, so reed canarygrass (RCG) (Phalaris arundinacaea 
L., 'Vantage') and switchgrass (SWT) (Panicum virgatum Michx., 'Cave-
in-Rock') were selected as representative and species, respec­
tively. 
Net leaf photosynthesis (CER), transpiration (TSP), leaf tempera­
ture (LT), leaf chamber air temperature (CT), COg concentration of the 
air, relative humidity (RH), photosynthetic photon flux density (400 
to 700 nm) (PPFD), and stomatal resistance to water vapor diffusion 
(r^) were measured by use of a LI-6000 Portable Photosynthesis System 
(LI-COR Inc., Lincoln, Neb.). The leaf chamber was approximately 1 L 
in volume and was modified so that the hinges were attached to the 
longest side, nearest to the sensor unit. This modification facili­
tated placement of a greater amount of forage grass leaf area into the 
chamber, 
A desiccant chamber was placed in-line and upstream of the infra­
red gas analyzer to minimized water-vapor interference of COg measure­
ment. Boundary-layer resistance was determined by use of water 
saturated blotter paper within the leaf chamber and was estimated to be 
approximately 40 s m~\ A R^ was calculated as the remaining resistance 
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to COg fixation after r^ and boundary-layer resistance were accounted 
for (Nobel, 1983). For this calculation, the COg concentration at the 
carboxylation sites was assumed to be zero. 
All measurements were obtained between 1030 and 1430 hours (CDT) 
while available PPFD was near or greater than 2000 ymole m'^ s~\ Six 
leaves in 1984 and four leaves in 1985 were randomly selected from 
fully exposed regions near the apex of the canopy. A minimum of two 
blocks were measured during a measurement week. Only fully expanded 
leaves were used. The leaf chamber was oriented so that the leaf's 
surface was positioned directly toward the sun; therefore, the only 
irradiance interference was from the shade fabric. The computer soft­
ware of the LI-6000 was programmed so that three total measurements 
were recorded once every 30 s in 1984, and ten total measurements 
recorded once every 5 s in 1985. Data for a leaf were rejected if 
standard error values exceeded 10% of the CER mean and a substitute 
leaf was measured within the sub-plot. 
The shade cloths for two blocks were removed on 2 July 1985. 
Gaseous and energy exchange measurements were obtained the following 
day as described above. These measurements were considered as an indi­
cation of the relative photosynthetic potential for the various 
irradiance-adapted leaves. 
Data used for analysis were the computed initial values for each 
variable. After each leaf had been measured, the area contained within 
the chamber was obtained by use of a LI-3000 planimeter. Because all 
leaves were stretched the entire length of the chamber, leaf length 
76 
was constant. 
n 
In 1985, net-radiation values (W m" ) were measured using a 
portable net-radiation indicator (C. W. Thornthwait Associates, Model 
603) for each sub-plot immediately following gaseous exchange measure­
ments. Data collected with the LI-6000 during both years were used 
to compute energy budget components including thermal radiant (R), 
convective (C), and latent (E) energy effluxes according to Gates 
(1980). Emissivity for the calculation of R was assumed to be 0.95 
for both species. Leaf width for computation of the convective term 
was calculated as the quotient of leaf area divided by leaf length. 
The total energy absorbed (Qjq|.) was estimated as the sum of R, C, 
and E. Photosynthetically active radiation (PAR) (400 to 700 nm) was 
calculated as the product of PPFD, 0.214749 W s~^ ymole photons"^ 
(McCree, 1981), and 0.95 absorption. The remaining absorbed radiation 
(Qp) was determined as the difference between and PAR. Water-use 
efficiency (WUE) was calculated as the ratio of CER to TSP. 
An experimental unit was considered to be the mean of all leaves 
within a sub-plot during a measurement week. The data were analyzed 
as a split-split-plot completely randomized block design. In order to 
acquire consistent blocking of replicates, only two replicates per 
year were used, to yield a total of four blocks in the analysis. 
Repeated measure analysis over years had to be forfeited. 
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RESULTS 
Gaseous Exchange 
Photosynthesis, transpiration and resistances 
The irradiance level main effect and linear effect for CER, TSP 
and R^ were highly significant with CER and TSP responding positively 
and R^ responding negatively to increasing irradiance (Table II.1 and 
Table II.2). The analyses for lack of fit were significant for CER and 
TSP suggesting that a quadratic model might best explain the response 
of these variables to irradiance level; however, analysis beyond a 
linear model was not possible for this experiment because there were 
only three irradiance levels. 
There were significant differences between SWT and RCG for CER, 
TSP, r^ and R^ (Table II.l). The C^ entry (SWT) had about a 45% greater 
average CER than the Cg type (RCG) (Table II.3 and Table II.4). The 
r^ was 81% greater for SWT than for RCG, which coincided with a 37% 
lower TSP. The R^ averaged 120% greater for RCG than SWT. The R^ con­
sists of many components involved in the uptake of COg including some 
physical components such as resistances offered by cell walls and their 
associated gas-liquid interface; also, there are resistances resulting 
from the rate of biochemical and photochemical reactions related to 
CER. The differences in R^ between SWT and RCG may be attributed to 
characteristic differences which exist between photosynthetic types. 
The irradiance level by species interaction and its linear effect 
were significant for CER, while TSP, r^ and R^ responded to irradiance 
Table II.1. Mean squares from the combined 1984-1985 analyses 
Source df Mean squares 
CER TSP r, R LT CT RH UUE s m 
Irradiance 2 255240** 3553** 5395 436751** 45.395** 21.074** 6.68 0.002 
linear (1) 462083** 6128** 840871** 89.202** 39.669** 
lof® (1) 48396** 977* 32631 1.588 2.478 
Error a 6 3305 135 1966 11549 1.952 1.836 5.86 2.09 
Species 1 833706** 11874** 39724* 3910439** 5.957** 0.129 433.36** 446.01* 
Irrad x species 2 74654* 10 3189 45109 0.556 0.491 7.54 0.96 
linear (1) 106913* 
lof (1) 42395 
Error b 9 18560 186 5504 36013 0.311 0.252 2.29 1.66 
Day 2 14782 211 34656** 16714 56.387** 61.595** 39.48 2.90 
Irrad x day 4 5058 212 1430 29720 0.135 0.060 3.82 2.09 
Species x day 2 728 460 2205 23670 0.140 0.273 15.85 1.19 
Irrad x species 
X day 4 784 26 882 53587 0.377 0.356 4.39 1.68 
Remainder 36 22680 1108 3870 39689 4.863 5.250 61.68 4.64 
^Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table II.2. Significant linear regression coefficients for irradi-
ance {% AI®) main effects 
Dependent variable b 
CER (ng COg s"^ 3.11 
TSF (mg H2O m-2 s"^) 0.359 
Rm (s m-T) 
-4.20 
LT (°C) 0.043 
CT (°C) 0.029 
QTot (W m ^) 1.89 
R (W m-2) 0.504 
C (W m-2) 0.514 
E (W m-2) 0.870 
PAR (W m-2) 4.28 
Qr (W m-2) -2.39 
Qnet ^) 3.64 
Table II.3. Means of two forage grass species over three levels of 
irradiance, three harvests per year, and 2 years 
Measurement SWT RCG 
CER (ng CO2 m-2 s"]) 699 484 
TSP (mg H2O m-2 s-1) 69.8 95.5 
rs (s m-T) 104.8 57.9 
Rm (s m"') 387 853 
LT (°C) 27.8 27.2 
CT (°C) 27.5 27.4 
RH (%) , 39.0 44.0 
WUE (g kg"') 10.5 5.5 
- 2  
-W m 
QTot 1062 1100 
R 884 877 
C 8.54 -8.93 
E 169 232 
PAR 282 284 
Qr 780 816 
Qnet 220 237 
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Table II.4. Means and regression coefficients for two forage grass 
species grown under three levels of irradiance, averaged 
over three annual measurement times and 2 years, and 
means for gaseous exchange variables obtained 1 day 
after shade cloths were removed in 1985 
Species 
% AI® 
37 70 100 
— ? —1 
ng COg m" s" 
CER RCG 431 488 533 1.62 
SWT 518 775 805 4.61 
mg HgO m"^ s"^ 
TSP RCG 82.1 100.3 104.0 0.351 
SWT 55.2 76.0 78.0 0.367 
-1 s m 
r. RCG 66.2 56.2 55.2 
^ SWT 134.2 82.8 97.6 
RCG 
SWT 
953 
586 
850 
322 
758 
254 
-3.10 
•5.30 
LT RCG 
SWT 
25.6 
26.4 
27.6 
27.9 
28.4 
29.0 
0.045 
0.042 
CT 
WUE 
RCG 
SWT 
RCG 
SWT 
26.2 
26.6 
5.7 
10.3 
27.9 
27.7 
•g kg'T. 
5.3 
10.7 
28.2 
28.2 
5.5 
10.5 
0.032 
0.026 
CER b,c RCG 
SWT 
RCG 
SWT 
469 
766 
165 
206 
-ng COg m 
419 
698 
s m 
181 
226 
•2 s-V 
•1 
428 
602 
138 
271 
^Percent of available irradiance. 
•^Measurements taken 1 day after shade cloths were removed (n=2). 
CSE=127 ng COg m-2 $-1, 
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in a parallel manner for both species (Table II.l). There was not a 
significant lack of fit for the irradiance by species interaction of 
CER; therefore, differences associated with photosynthetic type are 
probably responsible for the significant lack of fit for the irradi­
ance level main effect (Table II.l). The response of CER to irradi­
ance was greater for SWT than for RCG (Table I1.4). Additionally, 
irradiance treatment means for TSP suggest that the significant lack 
of fit for the irradiance main effect was caused by an apparently 
reduced response of TSP to irradiance between 70 and 100% AI for both 
species (Table II.4). 
Ontogeny did not affect CER, TSP, or R^; however, r^ significantly 
differed with measurement time (Table II.l). The average r^ was 75.9, 
46.3 and 121.8 s m"^ for the first, second and third measurements, 
respectively, indicating that the response of r^ was not related to 
ontogeny and was probably more closely related to the atmospheric and 
growth conditions which prevailed at the time of measurement. None of 
the ontogeny (measurement time) related interactions were significant 
for CER, TSP, r^ and R^ (Table II.l). 
Without the shade treatments applied, the CER and r^ were not 
influenced by irradiance adaptation for both species (Table I1.4). In 
fact, the CER for the 37% AI adapted leaves tended to express a some­
what higher CER. 
82 
Water-use efficiency 
The WUE is the ratio of COg fixation to water loss. The WUE was 
not significantly affected by irradiance, which is indicated both by 
the irradiance level main effect and the irradiance level by species 
interaction (Table II.l). There was a significant difference in WUE 
between species which averaged 10.5 and 5.5 g kg"^ for SWT and RCG, 
respectively (Table II.3 and Table II.4). Also, WUE did not change 
with respect to measurement time nor to any of the day related inter­
actions (Table II.l). 
The greater WUE for SWT relative to RCG is a consequence of both 
a greater CER and a lower SWT. It is interesting that WUE was not 
affected by irradiance, even though CER was significantly affected by 
irradiance (especially for SWT). Parkhurst and Loucks (1972 as cited 
by Gates, 1980) proposed that the responses of leaf function and 
adaptation are directed toward maximizing WUE in a particular environ­
ment. The dramatic response of CER and TSP to irradiance for SWT should 
have resulted in a positive response of WUE to irradiance level because 
TSP of SWT was less affected by irradiance level than CER of SWT. It 
is possible that leaf function and adaptation are directed to maximize 
CER and that a constant WUE is the consequence of COg and water exchange 
through a common pore. 
Temperature and humidity 
The irradiance treatments altered LT and CT in a positive, linear 
fashion (Table II.l, II.2, and II.4). The approximate difference 
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between the 37 and 100% AI treatments was 2.0 and 2.7°C for CT and LT, 
respectively. The species main effect and the irradiance level by 
species interaction were not significant for CT. The LT averaged 
about 0.5°C greater for SWT as compared to RCG, but responded to ir­
radiance level in a parallel fashion for the two species (Table II.1 
and Table II.4). The significant day main effect for CT and LT 
was caused by changes in daily temperature. 
Irradiance regime did not affect RH (within the leaf chamber) for 
either species (Table II.l). The average RH for SWT was 13% greater 
than the RH for RCG. The differences in RH between species is probably 
a result of the differing TSP between the two species. 
Interrelationships of gaseous exchange measurements 
Pearson correlation coefficients for CER, TSP, r^, R^, LT and CT 
of SWT and RCG are presented in Table II.5. The CER was equally corre­
lated with TSP and r^ for both species, but SWT expressed a closer 
relationship of CER with TSP and r^ (Table II.5). Also, r^ was more 
closely correlated with TSP than CER for both species. Over both 
species, high correlations were obtained for TSP correlated with r^, 
LT, and CT only, and were -0.84, 0.64, and 0.71, respectively. The 
TSP was equally correlated with LT and CT for both species, while r^ 
was correlated to temperature to a greater degree for SWT than RCG 
(Table II.5). Additionally, CER was significantly correlated with 
both LT and CT for only SWT. The CER was equally related to R^ for 
both species, while R^ was significantly correlated to LT and CT for 
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Table II.5. Pearson correlation coefficients for RCG and SWT forage 
grass species grown under three levels of irradiance, 
and measured three times annually for 2 years (n=60) 
TSP 
"s Rm LT CT 
RCG 
CER 0.41** -0.43** -0.62** 0.26* 0.25 
TSP -0.79** 0.03 0.78** 0.81** 
rs -0.22 -0.40** -0.53** 
^m -0.09 0.02 
SWT 
CER 0.76** -0.76** -0.62** 0.56** 0.54** 
TSP -0.88** -0.30* 0.75** 0.75** 
rg 0.18 -0.61** -0.63** 
Rm -0.34** -0.28* 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
only SWT. 
Thus, CER, r^ and R^ of SWT was more closely associated with 
temperature than that of RCG. The parallel responses of R^ to irradi­
ance and the similar correlations between CER and R^ for the two species 
suggest that the differences in R^ are not responsible for the differ­
ing CER response to irradiance between the photosynthetic types. 
Although the irradiance level by species interaction indicates a 
parallel response of r^ for the two species, r^ was noticeably ele­
vated for SWT under the 37% AI treatment (Table II.4). 
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Energy Exchange 
Energy efflux 
The total energy efflux of a leaf is composed of three major com­
ponents: R, C and E, where R, reradiation, is a function of the leaf 
temperature, C denotes the net convective energy exchange and describes 
the temperature differential between leaf and air, and E describes the 
latent energy efflux associated with leaf transpiration (Gates, 1980). 
In this experiment, the total energy absorbed (Qj^^) was estimated as 
the sum of R, C and E, while was the remainder of after PAR 
was subtracted. 
After converting to energy equivalents, R and E correspond to LT 
and TSP, respectively, as shown in Table II.1. There was a significant 
irradiance level main effect and linear effect for R, C and E yielding 
a positive response to irradiance for each variable (Table II,1, Table 
II.2 and Table II.6). Analysis of the species means reveal that SWT 
had greater R and C than RCG, while RCG expressed greater E (Table II.1, 
Table II.6 and Table II.3). The species means for C indicate that LT 
exceeded CT for SWT, while LT was cooler than CT for RCG (Table II.3). 
Additionally, the average E for RCG was significantly greater than for 
SWT (Table II.3), which resulted in the negative C and lower R values 
for RCG compared to SWT. The response of R, C, and E to irradiance 
for SWT and RCG was parallel (Table II.1 and Table II.6), and the 
relationship of R, C, and E with irradiance and species did not change 
with measurement time (Table II.1 and Table II.6). 
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Table II.6. Mean squares from the combined 1984-1985 analyses 
Mean squares 
Source df 
^Tot C PAR Qr 
Irradiance 2 87984** 6360** 437541** 137035** 
linear (1) 169887** 12570** 873274** 272816** 
lof 3 (1) 6080 150 1809* 1255 
Error a 6 1691 117 220 1292 
Species 1 26083* 5492** 76 23364** 
Irrad x species 2 223 200 103 419 
Error b 9 1406 130 125 902 
Day 2 10396 156 1293* 15232 
Irrad x day 4 965 58 210 489 
Species x day 2 3075 56 49 2363 
Irrad x species x day 4 302 36 32 319 
Remainder 36 9647 147 272 10576 
Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Energy influx 
There was a positive linear relationship with irradiance level 
for PAR and (Table II.6 and Table II.7). The irradiance 
treatments were intended to affect PAR, and should have similarly 
affected Q^g^- Indeed, PAR averaged 35 and 71% of full irradiance 
while averaged 32 and 73% of full irradiance for the 37 and 70% 
AI treatments, respectively. Alternatively, averaged 89 and 
96% of the 100% AI treatment for the 37 and 70% AI treatments, 
respectively (Table II.8). The relationship between and PAR 
was negative, which suggests that there was a considerable amount 
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Table II.7. Mean squares from the 1985 analysis 
Mean squares 
Source df ^ 
^net 
Irradiance 2 158655** 
1inear (1) 315166** 
lof* (1) 2143 
Error a 2 4464 
Species 1 2746 
Irrad x species 2 85 
Error b 3 792 
Day 2 9565** 
Irrad x day 4 1070 
Species x day 2 308 
Irrad x species x day 4 376 
Remainder 12 768 
Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table II.8. Means for two forage grass species grown under three 
levels of irradiance for 2 years 
°L AT® 
Measure-
ment Species 37 70 100 
W m"^ 
^Tot RCG 1035 1117 SWT 994 1075 
R RCG 858 882 
SWT 868 885 
C RCG -22.8 -8 
SWT -8.5 5 
E RCG 199 244 
SWT 134 185 
PAR RCG 145 293 
SWT 140 296 
RCG 889 824 
r SWT 854 779 
"net^ RCG 115 255 SWT 99 232 
1148 
1117 
891 
899 
,7 4.7 
2 28.9 
252 
189 
413 
410 
735 
707 
342 
329 
^Percent of available irradiance. 
"Measured in 1985 only. 
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of diffuse and reflected thermal radiation under the shade treatments. 
Also, the shade cloths themselves seemed to have provided a "warm-
sky" effect which acted as an additional thermal energy input for the 
shaded treatments. 
There were small but significant differences between species for 
Qjot Qy. (Table II.3, Table II.6, and Table II.8). Ideally, 
and should be similar for both species. The species differences 
main effect for may suggest that some of the model assumptions 
were inaccurate, or that the measured leaves were experiencing dif­
ferent energy inputs. The measured leaves were oriented toward the 
sun similarly for both species, and there were no appreciable differ­
ences in canopy height or leaf surroundings. Inaccurate assumptions 
could include the assumed similar emissivity and albedo values for the 
two species (95%), and an assumed similar relationship between r^ and 
TSP (E). Although over both species the correlation coefficients of 
TSP (E) with r^, R, and Q were -0.84, 0.64, and 0.92, respectively, 
the correlations between r^ and TSP were greater for SWT than RCG 
(Table II.5), which suggests that for SWT the TSP is more closely 
associated with r^ than for RCG. The differing inherent r^ for the 
two photosynthetic types may result in differing energy budget values. 
Finally, there may be some error associated with summing R, C and E 
as an estimate of the total energy absorbed. 
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DISCUSSION 
Gaseous Exchange 
The CER for both species was increased by increasing irradiance, 
but the response was greatest for SWT, the entry. The average dif­
ference between species in CER of about 45% agrees with the findings 
of Gifford (1974) who reported a 50 to 200% CER advantage for C^ species 
over Cg species. The greater response to irradiance of C^ types com­
pared to Cg types is well-documented, but only recently have studies 
investigated Cg and C^ response to irradiance after adaptation to dif­
ferent field growth environments. In the situation of this field-based 
experiment, CER of SWT was approaching that of RCG at the lower 
irradiance level (Table II.4). Despite the morphological adaptations 
to irradiance (described in the previous section), the CER potential 
and r^ were not influenced by adaptation to irradiance regime. The 
results of Caemmerer and Farquhar (1984) and Wong et al. (1985) indi­
cate that r^ reflects, but does not necessarily limit photosynthetic 
potential. In agreement, the results of this study suggest that r^ and 
CER potential were not altered by adaptation to irradiance regime. That 
CER potential was not affected by irradiance may explain the lack of 
a significant r^ response to irradiance level. In the previous section, 
a parallel response of NAR to irradiance level was reported for the C^ 
and C^ species. Although the response of leaf photosynthesis (CER) to 
irradiance differs between SWT and RCG, the response of canopy photo­
synthesis to irradiance may be parallel. Also, C^ and Cg species may 
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differ in partitioning of photosynthates in response to irradiance 
regime, especially to the root system which was not measured. 
The greater CER response to irradiance treatment by SWT compared 
to RCG can be attributed to the differential response of C^ and C^ 
types to PAR and temperature. It is well-documented that C^ species 
often do not express an irradiance saturation of CER, while Cg species 
often do. This does not suggest that CER of RCG was irradiance 
saturated at 70% AI, but it is possible that irradiance saturation was 
often realized by the RCG leaves. It is also well-documented that C^ 
species often express a relatively small optimum temperature range for 
CER, while Cg species have a broader temperature optimum for CER. The 
CER for SWT was more highly correlated to LT and CT than CER was to 
RCG, suggesting that the CER of SWT is more temperature sensitive than 
that of RCG. 
It is particularly interesting that the correlation between CER 
and R|^ was equal for SWT and RCG (Table II.5). Thus, R^ may be equally 
limiting to CER for these two forage species, and that the signifi­
cantly different R^^ and CER between these two species is related to 
their respective photosynthetic types. One of the assumptions for the 
calculation of R^^ in this study was that the concentration of COg at 
the carboxylation sites was zero. It is likely that this COg concen­
tration is no less than the COg compensation point for a given species, 
and it is well-documented that the COg compensation concentration for 
C^ species approaches zero, while that of C3 species is often from 50 
to 100 yL/L. Nevertheless, the relative R^ values resulting from 
91 
irradiance treatment, species, and CER should be unaffected, while the 
assumptions of the calculations of could affect the absolute results, 
with the R^ values for RCG being conservative. The significant corre­
lation between R^ and temperature for SWT suggests that R^ is related 
to temperature effects on CER. 
The TSP was significantly correlated with r^, LT and CT (Table 
II.5); however, the correlation coefficient between r^ and TSP was 
higher for SWT than for RCG. The close relationship of TSP with LT 
and CT probably reflects the strong effect of atmospheric demand on TSP 
in both species. Because the effect of irradiance on r^ is unclear 
(Table II.1), the positive relationship between irradiance and TSP 
probably was caused by an altered water-vapor deficit resulting from 
the effect of irradiance treatments on LT and CT. 
The correlation of r^ with TSP was greater than and in similar 
direction of that for r^ with LT and CT for either species (Table I1.5). 
The negative relationship of r^ with LT and CT suggests that r^ may 
respond to LT. Also, r^ of SWT was more closely related to tempera­
ture than r^ of RCG (Table II.5). Additionally, the correlations of CER 
with LT and CT are greater for SWT than for RCG (Table II.5). It is 
tempting to conclude that for SWT, r^ limited TSP as an adjustment to 
LT, which in turn influenced CER. Reduced TSP forces LT to be more 
closely coupled to air temperature and radiation absorption. Leaf 
temperature adjustments of this nature are of great benefit for C^ 
species which are often characterized as having a narrow optimum 
temperature range. For RCG, the relationship of r^ and CER with 
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temperature is less straightforward, but leaf temperature regulation 
is less advantageous for a C3 than for a species because of the wide 
optimum temperature range for species. Downton and Slater (1972) 
reported that for Gossypium hirsutum (Cg), there is a genetically 
based temperature optimum for CER. The degree to which r^ is tuned 
to LT may vary with species or genotype, or may be related more to 
photosynthetic type. 
Adjustment of LT via r^ may explain the elevated r^ of SWT under 
the 37% AI treatment (Table II.4). The LT at 37% AI of SWT may have 
been below the optimum temperature for CER (Table II.4). Because the 
water-vapor deficit was relatively low for this irradiance treatment, 
a high r^ would restrict TSP and reduce evaporative cooling. It is 
also noteworthy that LT was consistently greater for SWT than for RCG, 
which likely resulted from the lower TSP and greater r^ for SWT. 
Energy Exchange 
A parallel response to irradiance of both species was observed 
for all of the energy budget variables (Table II.6, Table II.7, and 
Table II.8); however, the relationships between energy balance 
components differed between the two species. 
There was a significant correlation between E and for SWT, 
but not for RCG (Table II.9). Additionally, E was associated with PAR 
more closely for SWT than for RCG. The correlations of R and C with 
PAR, and were similar for SWT and RCG (Table II.9). Dis­
similarities in energy budget components between SWT and RCG seem to be 
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Table II.9. Pearson correlation coefficients for RCG and SWT forage 
grass species grown under three levels of irradiance, 
and measured three times annually for 2 years 
C E» QTot* PAR' 
RCG 
-0.40** 
R 
C 
0.51** 
0.09 
•0.79** 
0.78** 
•0.17 
•0.59** 
0.90** 
0.12 
0.94** 
0.04 
0.45** 
0.54** 
0.26* 
0.45** 
•0.26 
0.28 
0.78** 
0.02 
0.21 
0.91** 
C 
E 
QTot 
PAR 
-0.61** 0.10 
0.10 
SWT 
•0.88** 
0.75** 
•0.01 
•0.79** 
0.88** 
0.25 
0.94** 
•0.25 
0.40** 
0.65** 
0.38** 
0.54** 
-0.41* 
0.27 
0.77** 
0.43* 
0.48** 
0.92** 
*n=60. 
°n=30, data for 1985 only. 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
related to r^ acting upon E. There was a significant negative corre­
lation of r^ with for SWT, but not for RCG (Table II.9). Also, 
there was a closer relationship of r^ with R, E and for SWT than 
for RCG (Table II.9). The positive relationship between R and E was 
similar for the two species; however, the degree of control of r^ on 
E did differ and seemed to be related to energy influx. As r^ 
restricts E, the leaf's energy efflux must then be compensated for by 
R and C which requires an increased LT. Therefore, decreased E causes 
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LT to be more closely coupled to air temperature and absorbed radia­
tion. These data suggest that for SWT, r^ adjusts E with regard to 
Qnet PAR, which in effect influences LT. These data do not suggest 
that r^ is removed as an integral component of the energy balance for 
RCG. Indeed, r^ correlated significantly with C for RCG only. These 
results may be caused by TSP being more tightly coupled to atmospheric 
demand for RCG than TSP is for SWT, which would be a consequence of 
the greater r^. for SWT. 
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SUMMARY AND CONCLUSIONS 
A vast majority of plants are autotrophic organisms, and therefore, 
are dependent on irradiance as a means of providing energy for growth. 
Although only PAR (400 to 700 nm) is absorbed and utilized for photo­
synthesis, other wavelengths are important to the overall energy status 
of a plant part, individual or community. The objective of this field 
study was to compare gaseous and energy exchange of a C^ and a Cg forage 
grass grown under three irradiance regimes. The two species included 
switchgrass (SWT) as the C^ entry and reed canarygrass (RCG) as the 
Cg entry. The three levels of irradiance were 37, 70 and 100% of avail­
able irradiance (AI). Leaves near the canopy apex were measured under 
prevailing field conditions on three occasions annually during two 
spring growth seasons. 
The CER responded positively to irradiance level, but the response 
of SWT was greater than that of RCG in agreement with Singh et al. 
(1974) (Table II.1 and Table II.4). The mean CER of SWT was 45% greater 
than that of RCG (Table 11.3). However, the CER potential seemed to be 
unchanged by irradiance regime in both species (Table II.4). Boardman 
(1977) wrote that low-irradiance, chamber-grown plants have reduced 
photosynthetic capacity. Photosynthetic capacity may not be affected in 
field-grown plants. Wilson and Wong (1982) reported greater ^^CO, uptake 
by shade-grown leaves than by full-solar irradiance grown leaves. 
The response of TSP to irradiance level was positive and parallel 
for the species, while R^ responded in a negative but parallel fashion 
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for the species (Table II.1 and Table II.2). A significant response 
of r^ to irradiance level was not detected in either species; however, 
SWT expressed an elevated r^ for the 37% AI treatment (Table II.1 and 
Table II.4). The mean r^ for SWT was 81% greater than that of RCG, 
which was accompanied by a 37% lower TSP for SWT compared to RCG 
(Table II.3). 
There was a positive response of LT and CT to the irradiance 
treatments, indicating that the shade treatments influenced the ambient 
air temperature by as much as 2°C (Table II.1, Table II.2, and Table 
II.4). Although the LT of SWT averaged about 0.5°C greater than of RCG, 
LT of the two species responded in a parallel manner to irradiance level 
(Table II.1 and Table II.3). There was no significant difference in 
CT between the two species (Table II.1). The irradiance treatments 
did not affect RH; however, RH for SWT was about 5 percentage units 
lower than that for RCG (Table II.1 and Table I1.3). The high LT and 
lower RH of SWT were attributed to the lower TSP of SWT compared to 
that of RCG. 
The LT and TSP directly affected the energy balance characteristics 
of the two species. The energy efflux associated with R was greater 
for SWT than that for RCG because of its higher LT (Table II.1 and Table 
II.3). Conversely, the energy efflux via E was greater for RCG than 
for SWT because of a greater TSP (Table II.1 and Table II.3). The two 
species also differed in C, which was positive for SWT and negative 
for RCG (Table II.3 and Table II.6). The and PAR inputs were simi­
lar for the two species (Table II.3 and Table II.6). Although there 
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were significant relative differences between SWT and RCG for the 
various energy efflux terms, R, C, and E of these grass species 
responded in a parallel manner to irradiance level. 
The TSP and LT were more closely associated with r^ in SWT than 
in RCG (Table 11,5). Also, CER was more temperature sensitive in SWT 
than in RCG. Correlations between r^ and the energy flux variables 
suggest that a significant relationship exists between stomatal func­
tion and for SWT (Table II.9). Additionally, the relationship of 
r^ with TSP and LT was closer for SWT than for RCG. These findings 
agree with those of Akita and Moss (1972) and Downes (1970), who ob­
served that r^ of C^ species is more sensitive to environmental changes 
in irradiance and temperature than is r^ of Cg species. Rawson et al. 
(1977) concluded that outside of stomatal regulation, TSP is a bio­
physical variable for both photosynthetic types. They also reported 
that changes in CER were not significantly affected by water-vapor 
deficit, while transpiration and r^ were affected by water-vapor 
deficit. Their study suggests that r^ is adjusted so that CER is 
maximized regardless of TSP, provided that water stress is not imposed. 
The results of Caemmerer and Farquhar (1984) and Wong et al. (1985) 
indicate that r^ reflects, but does not necessarily limit photosynthetic 
capacity. That CER potential and r^ did not respond to irradiance 
regime is in agreement with their findings. Therefore, r^ effects upon 
CER must occur via TSP effects on LT. 
It is understood that the CER of C^ species is more temperature 
sensitive than that of Cg types. This study shows that TSP (and 
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therefore E) is closely coupled to r^ in a negative fashion. The 
close control of TSP by r^ limits evaporative cooling to increase 
R and C and cause LT adjustments. This adjustment serves to 
maximize CER for the prevailing environmental conditions. The CER for 
the Cg entry (RCG) was less temperature sensitive; therefore, r^ is not 
as closely associated to E. It is questionable that RCG experienced 
significant sub-optimal temperatures when the measurements were taken 
and, therefore, these results do not suggest that RCG is incapable of 
similar adjustments by r^ enacting on E to maximize CER for the prevail­
ing conditions. 
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PART III. NUTRITIVE QUALITY OF C3 AND GRASSES AFTER 
ADAPTATION TO IRRADIANCE REGIMES 
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INTRODUCTION 
Adaptation to irradiance level entails the adjustment of morphologi­
cal characteristics, growth rates and changes in source-sink relation­
ships. These aspects of irradiance effects on plant growth are described 
in the previous two sections. Most investigations of irradiance effects 
on nutritive quality demonstrate a lower soluble carbohydrate concen­
tration and a higher nitrogen concentration resulting from growth 
under low irradiance compared to growth under high irradiance condi­
tions (Burton et al., 1959; Deinum and Dirven, 1972; Wilson and Wong, 
1982; Wong and Wilson, 1980; Walgenbach and Marten, 1981). These two 
responses tend to be counteractive in influencing herbage digestibility. 
Most studies can attribute the lowered carbohydrate concentration to 
the reduced photosynthetic activity which occurs with low-irradiance 
environments. The increased nitrogen concentration associated with 
reduced irradiance may be a result of increased soil nitrogen uptake 
(Wong and Wilson, 1980) or a concentrating effect by reduced cell size. 
It is believed that one adaptive response by grass species to re­
duced irradiance is a reduction in cell size which results in a decreas­
ing leaf thickness (Cooper and Tainton, 1968). Indeed, this was con­
cluded in the first section. Therefore, the possibility that nitrogen 
concentration increases as cell size decreases offers a partial explana­
tion for the nitrogen response to growth irradiance. As cell size 
decreases, the surface-to-volume ratio increases. Increases in the 
cell-wall concentration would be expected to result from an increased 
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surface-to-volume ratio, unless plant partitioning of photosynthates 
is altered. 
Most studies of irradiance level effects on forage nutritive 
quality show that herbage cell-wall, lignin, cellulose, crude-fiber, 
cell-wall lignin and cell-wall cellulose concentrations decrease with 
increasing growth irradiance (Burton et al., 1959; Henderson and 
Robinson, 1982a; Wilson and Wong, 1982; Garza et al., 1965; Deinum and 
Dirven, 1972). Wilson and Wong (1982), however, observed that cell-
wall concentrations declined with decreasing irradiance (40 and 60% of 
available irradiance) for Panicum maximum var. trichoglume leaves and 
stems. They also observed a yield increase for these irradiance 
treatments. Additionally, Garza et al. (1965) reported greater 
cellulose digestibility for Medicago sativa grown under shaded condi­
tions. Inconsistent results in the response of nutritive quality 
variables to irradiance level may be caused by strong interactions 
among other environmental influences, such as temperature (Ford et al., 
1979; Henderson and Robinson, 1982b). 
Judging from the enormous abundance of lignocellulosic material, 
it seems that the cell wall represents a major photosynthetic sink. 
The relationship of photosynthate availability with cell-wall char­
acteristics has not been considered in the literature. Ford et al. 
(1979) discussed that increased growth rates result in lowered cell-
wall concentrations and secondary thickening. There also seems to be 
a general coincidence of enhanced cell-wall accumulation when photo­
synthate supply regularly exceeds storage and meristematic sink demand. 
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For example, Baysdorfer and Bassham (1985) observed that growth of 
Medicago satlva is source-limited in seedling stages of growth, but 
becomes sink-limited as maturation proceeds. Labhart et al. (1983) 
reported that water-soluble carbohydrate concentrations in Festuca 
pratensis leaves and stems increased after panicle emergence. These 
studies suggest that abundant photosynthate concentrations prevail 
during a time when enhanced cell-wall deposition is occurring. The 
data of Akin et al. (1983) reveal that leaf cells of Cg and 
Panicum species characterized by high photosynthate flux have thin 
cell walls. 
Prolonged growth within a low-irradiance environment should re­
strict photosynthesis and growth rates, decrease dry matter yield, 
and promote a sink limitation to growth. The coincidence proposed from 
the literature suggests that these conditions should promote a lowered 
cell-wall concentration. The objective of this investigation was to 
compare and forage grass species for the responses of nutritive 
quality to growth under reduced irradiance regimes. The relevance of 
morphology and growth characteristics to nutritive quality was also an 
integral purpose of this study. 
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MATERIALS AND METHODS 
The experimental design and field conditions for this field-based 
experiment are presented in Part I. The species employed were three 
Cg grass species: tall fescue (TPS) (Festuca arundinacaea Schreb., 
'Kentucky-31'), reed canarygrass (RCG) (Phalaris arundinacaea L., 
'Vantage'), and deertongue grass (PCL) (Panicum clandestinum L., 
'Tioga'); while the two species were switchgrass (SWT) (Panicum 
virqatum Michx., 'Cave-in-Rock') and big bluestem (BBS) (Andropogon 
qerardi Vit., 'Kaw'). Leaf, stem, and total herbage samples were ob­
tained as described in Part I. The dried samples were sequentially 
ground to pass through a 2-mm screen of a Wiley mill and a 1-mm screen 
of a cyclone mill. For each year, 90 randomly selected samples were 
analyzed for use in calibration of a near infrared reflectance 
spectroscopy (NIRS) system. The calibration samples were analyzed for 
concentrations of in vitro digestible dry matter (IVDDM) by the NC-64 
direct acidification method (Marten and Barnes, 1980), and for neutral-
detergent fiber (NDF), acid-detergent fiber (ADF), and acid-detergent 
lignin (ADL) by the methods of Goering and Van Soest (1970), as 
modified by Van Soest and Robertson (1980), and for total nitrogen (N) 
by the micro-Kjeldahl procedure. Cellulose concentration was calcu­
lated as the difference between ADF and ADL concentrations, and 
hemicellulose concentration as the difference between NDF and ADF 
concentrations. Cell-wall lignin (CWL), cell-wall cellulose (CWCEL), 
and cell-wall hemicellulose (CWHMC) concentrations were calculated as 
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the quotient of ADL, cellulose, and hemicellulose concentrations 
divided by NDF concentration, respectively. 
The NIRS analysis for NDF, ADF, ADL, cellulose, IVDDM, and N was 
accomplished by use of a scanning monochrometer instrument (Pacific 
Scientific, model 6350), interfaced to a MS-DOS compatible computer 
(Intrasoft International). The equations for determining the nutri­
tive quality variables were developed from the 180 random samples. 
Bias and root mean square (RMS) characteristics for the spectro­
photometer are presented in Table A.3. Coefficients of determination 
(R ) and standard error of calibration values (SEC) for the regression 
equations are presented in Table A.4. 
Data were analyzed statistically as a split-split-plot design. 
The whole-plots consisted of the three irradiance treatments [37, 70, 
and 100% of available irradiance (AI)]. The five grass species com­
posed the sub-plots and the sub-sub-plots consisted of the three annual 
harvests. 
Pearson correlations were performed between morphological char­
acters and the nutritive quality variables. It was necessary to 
calculate mean growth period values for the nutritive quality vari­
ables to allow for Pearson correlation with growth-analysis variables. 
Values for Period 1 consisted of the mean of the first and second 
harvests, while values for Period 2 were the mean of the second and 
third harvests for each sample. Pearson correlations were also per­
formed between leaf or stem tissue values and the total herbage. 
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RESULTS 
The analysis of variance for most of the nutritive quality vari­
ables indicated that species responses to irradiance level and harvest 
date were significantly different between the 2 years (Table A.5); 
therefore, analysis, means and regression coefficients are presented 
by year. The nutritive variables that are discussed include NDF con­
centration as an indicator of cell-wall concentration, IVDDM, N, and 
the cell-wall components CWL, CWCEL, and CWHMC. Analysis of variance 
for the nutritive quality variables are presented by year in Table 
III.l through Table III.6. 
Irradiance Level Effects on Nutritive Quality 
Digestibility 
The IVDDM concentration of the total herbage and stem tissue re-
sponded negatively to irradiance level in a linear fashion both years 
(Table III.l through Table III.4 and Table III.7). The response of 
IVDDM concentration of the total herbage and stem tissue to irradiance 
level was similar for both years (Table III.7). The irradiance level 
main effect on leaf tissue was significant with a negative linear 
response in 1984, but the irradiance main effect was not significant 
in 1985 (Table III.5 and Table III.6). 
The species main effect for IVDDM concentration was highly signifi­
cant for all of the plant parts; however, the contrast between photo-
synthetic types was significant for the total herbage only in 1985 and 
for the leaf tissue only in 1984 (Table III.l through Table III.6). 
Table III.l. Mean squares from the 1984 analyses for total herbage nutritive quality 
Source df "ean squares 
NDF IVDDM N CWL CWCEL CWHMC 
Irradiance 2 4987** 4678** 313.2** 35.8 496 6 
linear (1) 9650** 8961** 594.9** 
lof® (1) 325 395 31.5 
Error a 6 192 390 7.2 21.4 239 286 
Species 4 40207** 45441** 577.5** 496.7** 27497** 63890** 
Cg vs (1) 22385** 467 193.4** 2.9 3419** 11299** 
Irrad x species 8 727 645 40.4** 33.9 209 359 
linear (4) 65.8** 
C-3 vs C4 (1) 126.3** 
lof (4) 15.1** 
Error b 36 440 511 3.9 32.8 117 190 
Harvest date 2 117603** 338254** 3655.0** 9511.8** 19808** 33961** 
Irrad x harvest date 4 658 1402** 26.5** 100.1** 267* 932** 
Species x harvest date 8 5312** 7212** 55.1** 367.0** 2533** 4063** 
linear (4) 9256** 12355** 106.1** 496.7** 4796** 7821** 
lof (4) 1368** 2069** 4.0 237.4** 270* 304 
Irrad x species x harv 16 693** 447 12.4** 23.9 323** 312* 
Remainder 90 271 287 4.2 15.9 81 150 
^Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.2. Mean squares from the 1985 analyses for total herbage nutritive quality 
Source df Mean squares ouuruK U 1 
NDF IVDDM N CWL CWCEL CWHMC 
Irradiance 2 3734** 4620** 517.1** 126.3* 1301* 1527** 
linear (1) 7199** 8993** 1012.3** 249.8* 2566** 2402** 
lofB (1) 268 247 21.8 2.7 37 651 
Error a 6 133 271 4.6 19.7 177 123 
Species 4 63991** 28412** 425.9** 789.4** 10403** 21316** 
C3 vs C4 (1) 9890** 1362* 95.8** 3.0 556* 531 
Irrad x species 8 544 512 10.7* 30.7* 105 308 
linear (4) 14.5** 52.3** 
C3 vs C4 (1) 5.7 1.3 
lof (4) 6.9 9.0 
Error b 36 342 240 3.7 11.3 127 178 
Harvest date 2 40593** 194225** 1336.8** 5181.4** 4472** 22486** 
Irrad x harvest date 4 634 607* 11.4 28.9 32 122 
Species x harvest date 8 6261** 5869** 10.6* 251.4** 1286** 1414** 
linear (4) 12115** 11679** 19.2** 493.6** 2351** 2463** 
lof (4) 408 58 1.9 9.1 222 365 
Irrad x species x harv 16 377 282 5.9 18.4 177 286 
Remainder 90 294 214 5.1 18.6 139 364 
®Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.3. Mean squares from the 1984 analyses for stem tissue nutritive quality 
Source dt Mean squares auurce U i 
NDF IVDDM N CWL CWCEL CWHMC 
Irradiance 2 3832** 3759** 152.10** 98.4** 162 409 
linear (1) 6348** 7346** 261.12** 182.0** 
lof 3 (1) 1315* 172 43.00 14.9 
Error a 6 166 112 7.64 8.5 230 237 
Species 4 17054** 48369** 80.88** 1529.9** 5315** 24328** 
C3 vs C4 (1) 1115** 8346** 5.80 540.8** 1629** 4335** 
Irrad x species 8 315 934 47.20** 19.3 302* 435 
linear (4) 75.85** 575** 
C3 vs C4 (1) 46.22** 272 
lof (4) 18.55** 29 
Error b 36 358 633 5.58 32.2 130 398 
Harvest date 2 141182** 35304** 3659.12** 21550.1** 18369** 72729** 
Irrad x harvest date 4 623 2967** 31.40** 72.5* 381* 1131* 
Species x harvest date 8 11697** 18324** 58.02** 1102.5** 2633** 3653** 
linear (4) 21991** 32545** 103.36** 2029.1** 4738** 7016** 
lof (4) 1402** 4104** 12.67** 176.0** 527** 290 
Irrad x species x harv 16 685** 652 13.50** 28.8 174 510* 
Remainder 90 292 447 3.03 22.1 124 391 
^Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.4. Mean squares from the 1985 analyses for stem tissue nutritive quality 
Source df Hean squares 
NDF IVDDM N CWL CWCEL CWHMC 
Irradiance 2 1729* 6568** 349.62** 483.2** 1358.3* 2287 
linear (1) 3272** 13106** 679.06** 926.1** 2667.2** 
lof 3 (1) 186 31 ' 20.18* 40.2 49.4 
Error a 6 183 483 32.83 14.4 134.6 605 
Species 4 75677** 48244** 74.18** 3154.8** 6374.9** 13183** 
C3 vs C4 (1) 6480** 16288** 1.91 1705.8** 4582.8** 1269 
Irrad x species 8 2137* 2013* 14.18** 116.5 402.1** 459 
linear (4) 3700** 2424* 24.60** 725.1** 
<
 (/) 0
 
(1) 8850** 185 0.32 424.7 
lof (4) 573 1601 3.77 79.0 
Error b 36 828 789 3.83 53.1 110.3 367 
Harvest date 2 23959** 311747** 1162.93** 9124.6** 1249.9** 24182** 
Irrad x harvest date 4 675 650 3.12 16.4 212.9 428 
Species x harvest date 8 24962** 27151** 16.55** 1254.4** 2744.9** 4184** 
linear (4) 48816** 53761** 29.68** 2499.2** 4213.5** 6537** 
lof (4) 1107** 540 3.42 9.5 1276.3** 1831** 
Irrad x species x harv 16 1291** 967 6.20* 40.0 179.4* 748 
Remainder 90 284 646 3.48 41.9 99.7 473 
^Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.5. Mean squares from the 1984 analyses for leaf tissue nutritive quality 
Source Mean squares 
NDF IVDDM N CWL CWCEL CWHMC 
2 3624* 4416* 429.81** 23.28 451.2 196 
(1) 5354** 3636** 827.07** 
(1) 1895 196 32.55 
6 366 720 8.04 26.09 161.0 653 
4 115601** 40684** 1471.86** 401.14** 91422.0** 113215** 
(1) 48196** 1959** 253.86** 0.29 2121.1** 10585** 
8 471** 379* 32.93** 22.55* 76.0 348 
(4) 782** 612** 57.99** 33.28* 
(1) 1031** 21 65.64** 0.68 
(4) 159 147 7.88* 11.82 
36 100 157 2.69 9.21 57.3 187 
2 70755** 203741** 2311.65** 7201.08** 1876.0** 9025** 
4 1153** 323 23.49 24.52* 219.2** 545* 
8 779** 3086** 16.70** 214.65** 2852.8** 2275** 
(4) 1009** 5140** 26.29** 382.36** 5588.6** 4240** 
(4) 550** 1032** 7.11* 46.93** 117.1 310 
16 214 147 4.40* 8.96 54.6 72 
90 155 141 2.35 8.84 60.7 187 
Irradiance 
linear 
lof* 
Error a 
Species 
C3 vs C4 
Irrad x species 
linear 
C3 vs C4 
lof 
Error b 
Harvest date 
Irrad X harvest date 
Species x harvest date 
linear 
lof 
Irrad x species x harv 
Remainder 
^Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.6. Mean squares from the 1985 analyses for leaf tissue nutritive quality 
Source df Mean squares 
NDF IVDDM N CWL CWCEL CWHMC 
Irradiance 2 4230** 2540 791.82** 48.3 701 1331 
linear (1) 8370** 1580.00** 
lofB (1) 90 3.60 
Error a 6 320 1037 3.20 37.3 180 1485 
Species 4 139500** 37980** 1459.08** 495.2** 61561** 43384** 
C3 VS C4 ( 1 )  47273** 154 331.17** 462.4** 496 17 
Irrad x species 8 925** 844* 15.99* 96.7** 308 263 
linear (4) 1173** 1274* 19.48* 147.2** 
0
 
LO <
 
(/)
 
0
 
>
 (1) 1 2276* 7.45 18.2 
lof (4) 676* 413 12.50 46.1 
Error b 36 234 347 5.42 28.7 212 263 
Harvest date 2 38031** 170631** 1229.76** 3413.1** 610 19226** 
Irrad x harvest date 4 300 45 11.36 44.4 256 360 
Species x harvest date 8 742* 601* 10.46 176.2** 1010** 370 
1i near (4) 1073** 769* 285.1** 1946** 
lof (4) 412 433 67.2* 73 
Irrad x species x harv 16 282 298 7.38 34.1 135 308 
Remainder 90 296 285 7.88 23.2 254 340 
^Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table III.7. 
Plant 
part 
Regression coefficients® for nutritive quality response 
to irradiance level of total herbage, stem, and leaf 
tissue for 1984 and 1985, over five grass species and 
three annual harvests 
Quality 
variable 1984 1985 
Total herbage NDF 
IVDDM 
N 
CWL 
CWCEL 
CWHMC 
•g Kg-1 % AI -1 
0.285 
-0.274 
-0.0071 
0.246 
-0.275 
-0.0092 
0.046 
-0.147 
0.142 
Stem NDF 0.231 0.166 
IVDDM -0.248 -0.332 
N -0.0047 -0.0075 
CWL 0.039 0.088 
CWCEL -0.150 
CWHMC 0.196 
Leaf NDF 0.212 0.265 
IVDDM -0.269 
N -0.0083 -0.0115 
®Only regression coefficients significant at the 0.05 level of 
probability or less are presented. 
The Cg versus C^ contrast was significant in both years for stem 
tissue (Table III.3 and Table III.4). Although the total herbage 
IVDDM concentration for 1985 was about 2% greater in the C^ species 
than the C^ species, the mean IVDDM concentration of the stem tissue 
was greater for the C^ types than the C^ types during both years 
(Table III.3 through Table III.5 and Table III.8). Also, the mean 
IVDDM concentration for leaf tissue in 1984 was 1% greater for the C^ 
species than the Cg species (Table III.5 and Table III.8). 
Table III.8. Means of grasses grown in 1984 and 1985 averaged over three irradiance levels and 
three annual harvests per year 
BBS SWT PCL RC6 TPS 
84 85 84 85 84 85 84 85 84 85 
9 kg'l 
Total NDF 667.3 717.6 693.2 749.2 607.6 657.9 628.9 654.8 640.8 665.9 
herbage IVDDM 602.0 546.2 582.2 508.1 616.8 573.2 535.1 506.5 544.4 540.7 
N 22.9 17.2 25.1 16.5 31.4 24.8 25.2 20.6 20.7 17.5 
CWL 49.5 53.0 55.3 64.2 54.2 54.5 57.2 61.2 59.4 56.9 
CWCEL 466.1 448.8 432.3 429.2 430.2 412.1 471.9 443.9 495.0 454.0 
CWHMC 435.2 451.1 483.6 489.3 443.1 484.7 382.2 428.9 387.4 460.4 
Stem NDF 699.4 762.8 728.4 807.8 724.3 783.0 700.4 721.2 674.6 694.7 
tissue IVDDM 584.1 534.0 549.0 465.9 541.9 512.6 488.3 448.2 511.9 517.4 
N 16.3 10.4 18.4 10.8 18.1 13.4 14.7 9.6 16.4 11.2 
CWL 49.8 53.7 60.3 73.5 61.7 64.9 66.7 78.2 64.3 65.9 
CWCEL 508.8 497.5 485.8 470.7 508.8 482.1 515.6 502.6 514.8 497.8 
CWHMC 409.9 414.5 427.6 423.2 386.2 423.6 364.3 380.0 374.3 425.6 
Leaf NDF 654.0 697.0 661.6 707.3 529.5 564.4 567.1 598.3 590.5 623.8 
tissue IVDDM 622.6 553.6 614.4 527.6 666.8 611.4 591.5 537.4 580.0 556.0 
N 26.2 19.8 30.5 22.1 40.2 33.8 35.3 30.9 24.9 21.0 
CWL 46.7 50.4 47.0 57.7 46.3 48.3 42.6 49.5 52.0 50.4 
CWCEL 450.6 435.3 395.7 389.2 361.2 339.8 412.0 384.5 491.8 440.4 
CWHMC 450.7 459.8 523.0 531.8 496.0 536.3 414.5 475.7 387.1 482.1 
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Species means for IVDDM concentration overlapped considerably 
between the photosynthetic types for all of the plant parts. Even though 
the contrast between photosynthetic types was not significant for the 
leaf tissue in 1985, the Cg types had a 5% greater IVDDM concentration 
than the types. This shows that the differences in IVDDM concentra­
tion among these species is not a consequence of their photosynthetic 
type. It is interesting that PCL had the highest IVDDM concentration 
for total herbage and leaf tissue among species during both years even 
though it also had the second highest maturity index and the second 
lowest leaf-to-stem ratio (LSR) (Table III.8 and Table 1.3). The total 
herbage IVDDM concentration over all species was about 8% greater in 
1984 than 1985. 
The irradiance level by species interaction was not significant 
for total herbage in either year, suggesting that the IVDDM concentra­
tion response to irradiance was parallel for the species (Table III.l 
and Table III.2). The species response of IVDDM concentration to 
irradiance also was parallel in stem tissue in 1984, but the irradiance 
level by species interaction was significant in 1985 (Table III.3 and 
Table III.4). The 1985 response of IVDDM concentration in stem tissue 
to increasing irradiance was negative for all of the species with SWT 
and TPS expressing the greatest response (Table III.9). Photosynthetic 
types were similar in their response to irradiance (Table III.4). 
The irradiance level by species interaction for leaf tissue was 
significant during both years; however, the contrast between photo­
synthetic types was significant only for 1985 (Table III.5 and Table 
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Table III.9. Means and regression coefficients of stem tissue nutri­
tive quality components for five grasses, three irradi-
ance levels and 2 years over three annual harvests per 
year 
% AI' 
37 70 100 
NDF 
IVDDM 
—g kg'T--. 
BBS 84 685.4 705.9 706.8 0.3446 
85 748.7 761.6 778.2 0.4667 
SWT 84 718.3 731.1 735.7 0.2789 
85 789.4 811.2 822.8 0.5323 
PCL 84 711.9 734.6 726.3 0.2350 
85 775.4 792.2 781.4 0.1010 
RCG 84 697.9 702.4 701.1 0.0527 
85 738.8 714.8 710.1 -0.4599 
TPS 84 667.5 673.4 682.9 0.2430 
85 687.2 697.8 699.0 0.1885 
BBS 84 587.2 581.9 583.2 -0.0655 
85 533.3 540.5 528.1 -0.0774 
SWT 84 553.1 551.5 542.4 -0.1674 
85 490.1 460.4 447.3 -0.6826 
PCL 84 546.7 535.7 543.3 -0.0593 
85 521.4 504.4 512.1 -0.1548 
RCG 84 496.3 487.6 480.9 -0.2458 
85 443.7 462.3 438.7 -0.0679 
TPS 84 534.8 510.3 490.6 -0.7034 
85 541.3 511.8 499.0 -0.6755 
BBS 84 16.7 16.6 15.6 -0.0017 
85 12.7 10.2 8.3 -0.0069 
SWT 84 19.4 18.4 17.6 -0.0029 
85 13.7 10.0 8.8 -0.0078 
PCL 84 18.5 15.9 19.9 0.0021 
85 14.9 12.3 13.1 -0.0028 
RCG 84 18.0 14.2 12.0 -0.0096 
85 12.3 9.5 7.0 -0.0084 
TPS 84 20.6 15.2 13.5 -0.0114 
85 15.1 10.7 7.7 -0.0118 
^Percent of available irradiance. 
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III.6). The IVDDM concentration in leaf tissue was affected more by 
irradiance in the species than in the species during 1985 (Table 
III.10). The response of IVDDM concentration in leaf tissue of TPS 
was positive and likely was the cause for the nonsignificant irradiance 
level main effect and the significant irradiance level by species 
interaction (Table III.6). The only species that seemed to respond 
to irradiance in a consistent manner during both years was BBS (Table 
III.10). While RCG expressed the greatest response of IVDDM concen­
tration in leaf tissue to irradiance during 1984, SWT had the greatest 
response during 1985 (Table III.10). The IVDDM concentration of 
leaf tissue of species is affected more by irradiance than it is in 
Cg species. 
There was a significant harvest date main effect for IVDDM con­
centration in all of the plant parts during both years (Table III.l 
through Table III.6). The species by harvest date interaction and 
corresponding linear effect also were significant for all of the plant 
parts during both years (Table III.l through Table III.6). These 
results show that harvest date effects on IVDDM concentration varied 
with species. For total herbage, leaves, and stems, SWT had the fastest 
rate of decline of IVDDM concentration during both years, while TPS 
showed the slowest decline during both years (Table III.11, Table 
III.12, and Table III.13). The decline in IVDDM concentration with 
time for all of the plant parts was less for BBS than for PCL during 
both years and less than that of RCG in 1984, suggesting that the rate 
of decline in IVDDM concentration is not a consequence of photosynthetic 
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Table III.10. Means and regression coefficients of leaf tissue nutri­
tive quality components for five grasses, three irradi-
ance levels and 2 years over three annual harvests per 
year 
% AI* 
NDF 
IVDDM 
measure ^Pecies Year 37 70 lOO 
—g kg'T--
BBS 84 648.9 661.0 652.2 0.0591 
85 687.6 695.2 708.3 0.3269 
SWT 84 656.8 662.4 665.5 0.1390 
85 697.1 715.8 709.1 0.1968 
PCL 84 523.6 537.1 528.0 0.0754 
85 551.9 569.2 571.9 0.3212 
RCG 84 550.5 569.8 581.0 0.4864 
85 584.5 591.2 619.1 0.5436 
TPS 84 578.2 596.5 597.0 0.3021 
85 624.9 625.8 620.8 -0.0633 
BBS 84 633.0 619.8 614.9 -0.2892 
85 558.9 560.2 541.7 -0.2684 
SWT 84 621.8 617.6 603.8 -0.2819 
85 544.6 522.8 515.5 -0.4648 
PCL 84 671.0 663.3 666.3 -0.0770 
85 618.5 610.0 605.8 -0.2033 
RCG 84 608.6 589.3 576.5 -0.5110 
85 542.0 542.5 527.8 -0.2225 
TPS 84 587.6 576.6 575.9 -0.1870 
85 548.4 560.6 559.0 0.1723 
BBS 84 27.7 26.1 24.7 -0.0046 
85 23.1 19.9 16.5 -0.0104 
SWT 84 32.4 30.6 28.5 -0.0063 
85 26.1 20.9 19.4 -0.0107 
PCL 84 41.9 39.2 39.6 -0.0037 
85 37.5 32.7 31.1 -0.0102 
RCG 84 40.5 34.4 31.1 -0.0150 
85 35.8 31.6 25.3 -0.0166 
TPS 84 29.4 23.4 21.9 -0.0121 
85 24.1 21.0 17.9 -0.0097 
^Percent of available irradiance. 
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Table III.11. Means and regression coefficients of total herbage 
tissue nutritive quality for five grasses, three annual 
harvests and 2 years over three irradiance levels 
Year Harvest 
NDF 
IVDDM 
g kg'T--
BBS 84 627.5 664.5 710.0 1.9645 
85 686.6 723.9 742.2 1.3230 
SWT 84 643.6 688.2 747.8 2.4802 
85 706.4 750.3 791.1 2.0177 
PCL 84 549.4 592.5 680.9 3.1312 
85 602.0 668.2 703.6 2.4183 
RCG 84 576.3 635.6 674.7 2.3427 
85 660.3 654.5 649.7 -0.2532 
TPS 84 625.3 645.4 650.9 0.6123 
85 652.4 665.4 679.8 0.6488 
BBS 84 655.3 612.4 538.3 -2.7863 
85 595.0 544.6 499.1 -2.2829 
SWT 84 669.6 596.4 480.5 -4.5022 
85 595.4 509.6 419.1 -4.1960 
PCL 84 703.6 631.6 515.2 -4.4844 
85 641.9 575.1 502.6 -3.3165 
RCG 84 616.9 538.3 450.3 -3.9677 
85 552.1 509.2 458.3 -2.2327 
TPS 84 593.7 533.4 506.0 -2.0893 
85 571.2 543.5 507.5 -1.5151 
BBS 84 29.6 23.3 15.7 -0.3310 
85 22.1 16.1 13.3 -0.2083 
SWT 84 33.5 25.2 16.6 -0.4014 
85 22.4 15.6 11.6 -0.2565 
PCL 84 41.4 32.7 20.2 -0.5060 
85 31.0 23.9 19.5 -0.2724 
RCG 84 33.1 25.7 17.0 -0.3851 
85 24.9 19.5 17.3 -0.1810 
TPS 84 25.6 20.8 15.8 -0.2325 
85 22.1 15.8 14.5 -0.1810 
^Regression based on days of growth with harvest 1 being day 0. 
119 
Table III.12. Means and regression coefficients of stem tissue nutri­
tive quality components for five grasses, three annual 
harvests and 2 years over three irradiance levels 
species Year ^ ^ ^  
NDF 
IVDDM 
—9 kg"^ — 
BBS 84 654.6 698.3 745.2 2.1567 
85 721.0 768.9 798.5 1.8433 
SWT 84 645.5 723.8 806.8 3.6252 
85 742.3 811.6 869.6 3.0312 
PCL 84 646.0 725.7 801.1 3.6911 
85 723.2 794.4 831.4 2.5768 
RCG 84 653.7 717.1 730.5 1.8288 
85 757.0 714.0 692.7 -1.5302 
TPS 84 664.8 685.4 673.5 0.2077 
85 722.0 689.4 672.6 -1.1766 
BBS 84 650.4 596.2 505.8 -3.4431 
85 602.2 519.0 480.8 -2.8907 
SWT 84 678.7 570.5 397.7 -6.6891 
85 608.6 461.1 328.7 -6.6776 
PCL 84 674.8 544.4 406.6 -6.3855 
85 605.6 510.6 421.7 -4.3778 
RCG 84 595.6 493.2 376.0 -5.2282 
85 505.4 439.6 399.7 -2.5185 
TPS 84 579.0 492.7 463.9 -2.7409 
85 531.9 515.4 504.8 -0.6458 
BBS 84 22.5 17.1 9.3 -0.3147 
85 15.6 9.7 6.0 -0.2284 
SWT 84 27.8 19.3 8.2 -0.4675 
85 17.3 9.7 5.4 -0.2825 
PCL 84 28.7 17.0 8.5 -0.4813 
85 18.2 12.5 9.5 -0.2069 
RCG 84 21.4 15.7 7.1 -0.3395 
85 12.9 8.9 7.0 -0.1415 
TPS 84 21.7 16.5 11.0 -0.2552 
85 14.9 11.2 7.4 -0.1794 
^Regression based on days of growth with harvest 1 being day 0. 
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Table III.13. Means and regression coefficients of leaf tissue nutri: 
tive quality components for five grasses, three annual 
harvests and 2 years over three irradiance levels 
g kg"^ 
NDF BBS 84 616.8 649.4 695.8 1.8804 
85 666.4 698.6 726.1 1.4202 
SWT 84 622.6 670.5 691.7 1.6458 
85 677.8 715.9 728.3 1.2022 
PCL 84 491.6 531.9 565.2 1.7524 
85 534.3 563.4 595.4 1.4563 
RCG 84 531.1 564.1 606.2 1.7887 
85 585,6 595.7 613.4 0.6607 
TFFS 84 565.2 595.0 611.5 1.1024 
85 594.7 630.4 646.3 1.2302 
IVDDM BBS 84 675.4 635.6 556.8 -2.8228 
85 608.5 549.3 503.0 -2.5111 
SWT 84 687.5 614.0 541.7 -3.4700 
85 589.6 516.9 476.4 -2.6944 
PCL 84 728.2 673.4 599.0 -3.0753 
85 665.0 611.7 557.6 -2.5560 
RCG 84 644.4 605.2 524.9 -2.8438 
85 595.6 539.3 477.4 -2.8161 
TPS 84 615.3 577.1 547.8 -1.6075 
85 601.3 553.9 512.9 -2.1046 
N BBS 84 32.7 27.6 18.2 -0.3450 
85 25.3 18.9 15.2 -0.2393 
SWT 84 36.8 30.3 24.4 -0.2940 
85 26.7 21.1 18.7 -0.1909 
PCL 84 46.8 41.3 32.5 -0.3409 
85 38.3 33.2 29.9 -0.2010 
RCG 84 40.0 36.4 29.6 -0.2494 
85 34.5 31.0 27.2 -0.1730 
TPS 84 29.5 25.8 19.5 -0.2379 
85 27.3 19.4 16.3 -0.2605 
^Regression based on days of growth with harvest 1 being day 0. 
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type, but rather is related to the relative age of the herbage of the 
species. Although the irradiance level by harvest date interaction 
was significant for total herbage in both years and for stem tissue 
in 1984, the irradiance level by species by harvest date interaction 
was not significant for any of the plant parts (Table III.l through 
Table III.6). Therefore, the species response to irradiance level did 
not significantly differ with harvest date. 
Nitrogen 
The N concentration of total herbage, stems, and leaves responded 
to increasing irradiance level in a negative, linear fashion during 
both years (Table III.l through Table III.7). The response was greater 
for leaf tissue than for stem tissue (Table III.7). 
The species main effect was highly significant for all of the 
plant parts during both years (Table III.l through Table III.6). The 
contrast between and types, however, was significant only for 
leaf tissue and total herbage (Table III.l through Table III.6). Al­
though the N concentration in leaf tissue of Cg species was 18 and 36% 
greater than in types during 1984 and 1985, respectively, TPS had 
a lower concentration in leaf tissue than SWT during both years and less 
than BBS during 1985 (Table III.8). Differences in total herbage 
between photosynthetic types were not great (Table III.8). 
The irradiance level by species interaction and linear effect was 
significant for all plant parts during both years (Table III.l through 
Table III.6). The response of N concentration to irradiance was 
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significantly different between the and species in all plant 
parts in 1984 (Table III.l, Table III.3 and Table III.5). During 
1984, the negative response for stem tissue of BBS and SWT to increas­
ing irradiance was less than that for RCG and TPS. Conversely, the 
response of PCL to increasing irradiance was positive (Table III.9). 
The response of N concentration to irradiance level in herbage and 
leaf tissue in PCL was similar to that in BBS and SWT during 1984 
(Table III.10 and Table III.14). The N concentration and its response 
to irradiance level seemed to vary according to species rather than 
photosynthetic type. 
The species most affected by irradiance level were RCG and TPS; 
however, the effect of irradiance on N concentration of leaf tissue 
was relatively small in 1985 (Table III.9, Table III.10 and Table 
III.14). Although the response of N concentration to irradiance varied 
greatly with species, the overall response was consistently negative, 
with the one exception of PCL stem tissue in 1984. 
Harvest date main effects on N concentration were significant for 
all plant parts during both years (Table III.l through Table III.6). 
The species by harvest date interaction and the corresponding linear 
effect also were significant for all of the plant parts during both 
years, except for leaf tissue in 1985 (Table III.l through Table III.6). 
The N concentration of all plant parts during both years declined with 
herbage age (Table III.11 through Table III.13). 
In the total herbage, PCL had the greatest decline in N concentra­
tion with age, while RCG and TPS had the least decline in N 
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Table III.14. Means and regression coefficients of total herbage 
tissue nutritive quality for five grasses, three 
irradiance levels and 2 years over three annual 
harvests per year 
NDF 
IVDDM 
—g kg'T-
BBS 84 664.0 671.6 666.5 0.0427 
85 710.2 714.0 728.6 0.2895 
SWT 84 688.1 692.5 699.0 0.1729 
85 735.3 752.0 760.4 0.3996 
PCL 84 591.6 613.0 618.3 0.4277 
85 642.1 669.9 661.8 0.3226 
RCG 84 611.5 638.4 636.6 0.4049 
85 652.8 655.2 656.6 0.0597 
TPS 84 632.3 632.9 656.3 0.3747 
85 661.7 664.4 671.7 0.1576 
BBS 84 604.9 600.1 600.9 -0.0653 
85 550.4 550.9 537.3 -0.2038 
SWT 84 586.3 583.5 576.8 -0.1499 
85 526.5 505.8 491.8 -0.5530 
PCL 84 625.9 613.5 611.0 -0.2382 
85 581.0 568.4 470.2 -0.1748 
RCG 84 554.3 524,2 527.0 -0.4420 
85 511.7 508.5 499.4 -0.1928 
TPS 84 557.9 547.4 527.8 -0.4759 
85 545.1 547.9 529.1 -0.2492 
BBS 84 23.8 22.8 21.9 -0.0029 
85 19.3 17.4 14.8 -0.0071 
SWT 84 25.9 25.5 23.9 -0.0032 
85 19.8 15.9 13.8 -0.0097 
PCL 84 33.2 30.1 31.0 -0.0036 
85 27.5 23.3 23.5 -0.0065 
RCG 84 30.4 23.4 21.9 -0.0136 
85 24.7 20.1 16.9 -0.0125 
TPS 84 24.7 20.3 17.2 -0.0120 
85 21.0 16.9 14.5 -0.0104 
^Percent of available irradiance. 
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concentration (Table 111,11). The N concentration of the stem tissue 
of PCL and SWT was affected most by aging, while TPS was affected the 
least of the species during both years (Table III.12). The leaf tissue 
of PCL and BBS responded in a similar manner and TPS was again the 
least changed over harvest dates (Table III.13). In 1985, the N con­
centration of leaf tissue of all of the species responded in a 
parallel manner to herbage age (Table III.6 and Table III.13). 
The irradiance level by species by harvest date interaction for 
herbage and leaf tissue was significant only during 1984 (Table III.l 
and Table III.5), but was significant for stem tissue during both years 
(Table III.3 and Table III.4). Conversely, the irradiance level by 
harvest date interaction was significant in herbage and stem tissue only 
during 1984 (Table III.l and Table III.3). 
Significant multi-factor interactions for N concentrations are not 
uncommon and are probably caused by the strong effect of ontogeny and 
aging. It was concluded in the first section that leaf tissue thick­
ness was affected by irradiance via development of cell size rather 
than cell number. The N concentration per unit of leaf area (N-j^) was 
not affected by irradiance, which suggests that the smaller cell size 
for the 37% AI adapted leaves acts to concentrate the nitrogenous com­
pounds (Table III.15 and Table III.16). 
If the herbage nitrogen per unit of harvest area (N^^) reflects 
crop nitrogen uptake, then suggests that irradiance level affected 
the total nitrogen uptake by these grass species (Table III.15). The 
species main effect on N per unit harvest area also was significant 
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Table III.15. Mean squares from combined 1984 and 1985 analysis for 
nitrogen content on a leaf area and land area basis 
Source df M^an squares 
Nn, N 
Irradiance 2 0.1171 79.31** 
linear (1) 147.83** 
lofa (1) 10.79 
Error a 6 0.0642 6.43 
Species 4 0.7002** 151.47** 
C3 vs C4 (1) 0.0384 138.99** 
Irrad x species 8 0.1418 15.45** 
1i near (4) 27.29** 
C3 vs C4 (1) 74.97** 
lof (4) 3.61 
Error b 36 0.0790 3.57 
Harvest date 2 0.6250** 15.49** 
Irrad x harvest date 4 0.0429 1.77 
Species x harvest date 8 0.1476** 13.19** 
Irrad x species x harv 16 0.0509 2.53 
Error c 90 0.0457 3.18 
®Lack of fit. 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table III.16. Means and regression coefficients for nitrogen content 
on a leaf area and a land area basis for five grasses 
and three irradiance levels over three annual harvests 
and 2 years 
% AT® 
Measure Species b 
37 70 100 
g N m" - -
BBS 1.07 1.12 1.14 
SWT 1.31 1.27 1.31 
PCL 1.20 1.16 1.32 
RCG 1.24 1.19 1.13 
TPS 1.52 1.29 1.30 
g N m"^—-
BBS 2.31 4.43 5.36 0.0487 
SWT 6.31 8.81 9.09 0.0447 
PCL 5.48 6.26 7.45 0.0311 
RCG 6.69 6.76 6.33 -0.0056 
TPS 6.25 6.69 6.60 0.0057 
^Percent of available irradiance. 
with SWT yielding the highest amount of nitrogen and BBS yielding the 
least (Table III.15 and Table III.16). The irradiance level by species 
interaction and linear effect were significant, as well as the contrast 
in responses by the photosynthetic types (Table III.15). The response 
of to irradiance was positive and similar for BBS and SWT, while 
the response for the Cg types varied and was less than that for the 
types (Table III.16). 
Cell-wall concentration 
The response of NDF concentration to increasing irradiance level 
was positive and linear for all plant parts during both years (Table 
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III.l through Table III.7). There was no difference between years in 
the response of NDF concentration to irradiance level. The average 
difference between the 37 and 100% AI treatments was 2.5, 1.7 and 2.4% 
in NDF concentration for total herbage, stems, and leaves, respectively. 
There were significant species main effects and photosynthetic 
type contrasts for all plant parts during both years (Table III.l 
through Table III.6). Clearly, the species had a higher NDF con­
centration in total herbage and leaf tissue than did the species 
(Table III.8). The high NDF concentration in the leaf tissue of BBS 
and SWT was probably the result of their Kranz anatomy. Although the 
contrast of photosynthetic types was significant for stem tissue, the 
Panicum species (SWT and PCL) had the highest NDF concentration during 
both years (Table III.8). 
In total herbage, the irradiance level by species interaction was 
not significant during either year, suggesting a parallel response of 
NDF concentration in the species to irradiance level (Table III.l and 
Table III.2). The species response also was parallel in stem tissue 
to irradiance level in 1984 (Table III.3); however, in 1985 the irradi­
ance by species interaction, linear effect, and versus contrast 
were all significant (Table III.4). For stem tissue in 1985, the NDF 
concentration in the species (BBS and SWT) was affected more by 
irradiance level than it was in the species (Table III.9). The 
response of NDF concentration in RCG during 1985 was negative (Table 
III.9). 
The significant linear response of NDF concentration to irradiance 
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level in leaf tissue differed between photosynthetic types only during 
1984 (Table III.5 and Table III.6). Although the response of NDF 
concentration to irradiance level in leaf tissue of the Cg types 
averaged 191% greater than that in the types during 1984, PCL 
behaved more like the entries (Table III.10). During both years, 
RCG had the greatest response of NDF concentration in leaf tissue to 
irradiance (Table III.10). The response for BBS, PCL and TFS was not 
consistent over years. In 1985, TFS showed a negative response to 
irradiance; however, the means for 1985 show that the effect of irradi­
ance on the NDF concentration in leaf tissue of TFS was small. 
The harvest date main effect, species by harvest date interaction 
and corresponding linear effect for the NDF concentration in total 
herbage was significant during both years (Table III.l and Table III.2). 
Most of the species expressed an increase in NDF concentration of total 
herbage with advancing ontogeny (Table III.ll); however, in 1985 RCG 
had a slight reduction in the NDF concentration of total herbage as 
ontogeny proceeded (Table III.ll). With this exception, the species 
response to ontogeny was similar during both years (Table III.ll). 
The harvest date main effect, species by harvest date interaction, 
and the species by harvest date linear effect for NDF concentration in 
stem tissue were significant during both years (Table III.3 and Table 
III.4). The greatest increase in the NDF concentration in stem tissue 
with age was expressed by SWT and PCL (Table III.12). During 1985, 
RCG and TFS NDF concentration in stem tissue responded negatively to 
harvest date (Table III.12). The irradiance level by species by 
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harvest date interaction was significant during both years (Table 
III.3 and Table III.4). All of the Cg species had a negative response 
to irradiance for at least one of the harvest dates (Table III.17). 
During both years, PCL expressed a negative response at the first 
harvest, but the NDF concentration of stem tissue responded positively 
to irradiance at the later two harvests (Table III.17). The opposite 
response was observed in RCG where the NDF concentration of stem 
tissue responded positively to irradiance at the early harvests, but 
responded negatively at later harvests (Table III.17). A negative 
response to irradiance occurred in TPS at the final harvest of 1985 
(Table III.17). 
The species by harvest date interaction and its linear effect 
also was significant for NDF concentration in leaf tissue during both 
years (Table III.5 and Table III.6). Despite the significant harvest 
date interaction, there was not a dramatic difference in the ontogenetic 
increase in NDF concentration in leaf tissue among the species (Table 
III.13). 
Cell-wall components 
Total herbage Irradiance did not affect cell-wall components 
in 1984; however, the irradiance main effect and linear effect were 
significant for total herbage CWL, CWCEL, and CWHMC concentrations in 
1985 (Table III.l and Table III.2). The response to irradiance in 1985 
was positive for CWL and CWHMC and negative for CWCEL (Table III.7 and 
Table III.18). 
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Table III.17. Means for NDF concentration of stem tissue for five 
grass species grown under three irradiance levels and 
harvested three times annually for 2 years 
Species Year Harvest % AI® 
37 70 100 
BBS 
SWT 
PCL 
RCG 
TPS 
a ko'l y Ky 
84 1 653.9 655.6 659.4 
2 681.5 710.9 702.6 
3 720.9 751.2 763.5 
85^ 1 711.3 719.0 732.8 
2 760.0 772.9 773.7 
3 689.3 703.3 694.9 
84 1 646.8 657.3 659.6 
2 715.2 728.4 727.8 
3 792.9 807.8 819.8 
85 1 728.6 744.0 754.4 
2 790.0 807.4 837.3 
3 849.8 882.2 876.9 
84 1 651.2 665.2 621.7 
2 702.0 726.3 748.8 
3 782.7 812.3 808.3 
85 1 720.3 741.2 708.1 
2 788.3 802.6 792.2 
3 817.7 832.7 843.8 
84 1 645.8 650.6 664.7 
2 704.9 723.1 723.4 
3 742.9 733.4 715.2 
85 1 746.3 744.2 780.5 
2 742.5 714.0 685.5 
3 727.6 686.2 664.4 
84 1 660.9 666.8 666.7 
2 680.8 679.8 695.5 
3 660.7 673.4 686.4 
85 1 696.7 723.3 746.1 
2 686.2 689.6 692.3 
3 678.8 680.6 658.5 
^Percent of available irradiance. 
'^SE for 1984 = 8.55 g kg"]. 
^SE for 1985 = 8.44 g kg"'. 
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The species main effect was significant for all of the cell-wall 
components during both years, but the contrast between photosynthetic 
types was consistently significant only for CWCEL (Table III.l and 
Table III.2). Although the Cg species had a higher average CWCEL con­
centration, there was considerable overlap among the means during both 
years, showing that photosynthetic type does not necessitate differ­
ences in CWCEL concentration in total herbage (Table III.8). During 
both years, TPS had the highest CWCEL concentration in total herbage, 
while PCL expressed the lowest values (Table III.8). 
The irradiance level by species interaction was significant for 
CWL concentration in total herbage only during 1985 (Table III.l and 
Table III.2). Except for SWT, the response of CWL concentration in 
total herbage to irradiance was consistent by the species during the 2 
years, while the species responses of CWCEL and CWHMC concentrations 
did not reveal consistent trends (Table III.18). Also, the response of 
CWCEL and CWHMC concentration in total herbage often responded in the 
opposite directions to each other within the species during both years 
(Table III.18). 
The harvest main effect, species by harvest interaction and the 
corresponding linear effect were significant for all of the cell-wall 
components during both years (Table III.l and Table III.2). There was 
a consistent ontogenetic increase in CWL concentration of total herbage 
in all species, while CWHMC concentration declined with ontogeny (Table 
III.19). The CWCEL concentration in total herbage generally increased 
with ontogeny; however, RC6 had a moderate decline in CWCEL concentration 
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Table III.18. Means and regression coefficients of total herbage 
tissue cell-wall components for five grasses, three 
irradiance levels and 2 years over three annual 
harvests per year 
Cell-wall Species Year ^ ^ 
component gy 70 TOO 
CWL 
CWCEL 
CWHMC 
--9 kg-T--
BBS 84 49.6 50.3 48.7 -0.0143 
85 53.9 51.9 53.1 -0.0144 
SWT 84 55.5 54.9 55.3 -0.0034 
85 60.5 64.4 67.7 0.1141 
PCL 84 52.1 55.5 54.9 0.0451 
85 52.5 55.4 55.6 0.0511 
RCG 84 54.5 59.4 57.9 0.0558 
85 59.7 60.8 . 63.1 0.0528 
TPS 84 59.4 57.4 61.4 0.0294 
85 56.2 56.6 57.9 0.0253 
BBS 84 465.0 470.1 463.3 -0.0231 
85 454.3 448.0 444.2 -0.1611 
SWT 84 430.2 432.9 433.9 0.0586 
85 430.0 429.2 428.4 -0.0259 
PCL 84 424.7 433.7 432.1 0.1201 
85 415.9 416.0 404.3 -0.1812 
RCG 84 474.1 475.3 466.4 -0.1192 
85 450.9 441.7 439.1 -0.1880 
TPS 84 487.1 597.7 500.2 0.2100 
85 458.9 455.6 447.6 -0.1776 
BBS 84 428.9 437.0 439.8 0.1737 
85 442.3 452.8 458.1 0.2524 
SWT 84 481.2 489.4 480.3 -0.0098 
85 485.4 487.9 488.6 0.0519 
PCL 84 . 445.8 438.4 445.1 -0.0132 
85 483.1 480.8 490.0 0.1058 
RCG 84 381.1 380.4 385.2 0.0629 
85 419.3 435.8 431.7 0.2017 
TPS 84 394.6 384.8 382.8 -0.1891 
85 453.1 469.1 458.9 0.0982 
^Percent of available irradiance. 
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Table III.19. Means and regression coefficients of total herbage 
tissue cell-wall components for five grasses, three 
annual harvests and 2 years over three irradiance 
levels 
specl*: Year Harvest 
CWL 
CWCEL 
CWHMC 
—g kg'T--. 
BBS 84 40.0 48.6 60.0 0.4740 
85 46.3 54.9 57.6 0.2694 
SWT 84 41.3 53.1 71.4 0.7170 
85 48.9 65.9 77.8 0.6901 
PCL 84 36.5 53.7 72.4 0.8551 
85 40.7 54.7 68.2 0.6537 
RCG 84 41.7 57.4 72.7 0.7393 
85 53.5 62.2 67.9 0.3442 
TPS 84 54.2 60.9 63.1 0.2113 
85 51.1 58.3 61.2 0.2398 
BBS 84 448.3 465.5 484.7 0.8664 
85 444.1 451.1 451.2 0.1709 
SWT 84 396.6 431.7 468.6 1.7131 
85 405.7 434.6 447.3 0.9886 
PCL 84 405.8 423.9 460.9 1.3115 
85 393.7 418.1 424.5 0.7318 
RCG 84 468.6 476.4 470.8 0.0528 
85 442.4 452.6 436.7 TO.1366 
TPS 84 486.6 495.7 502.6 0.3812 
85 452.3 453.6 456.1 0.0895 
BBS 84 444.7 440.0 420.8 -0.5696 
85 460.0 449.9 443.3 -0.3992 
SWT 84 530.7 480.4 439.7 -2.1660 
85 524.1 480.5 457.4 -1.5887 
PCL 84 479.7 448.0 401.6 -1.8592 
85 511.7 480.9 461.3 -1.2009 
RCG 84 402.9 379.7 364.0 -0.9273 
85 443.2 424.2 419.4 -0.5651 
TPS 84 388.1 391.6 382.5 -0.1321 
85 475.4 465.3 440.5 -0.8307 
^Regression based on days of growth with harvest 1 being day 0. 
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during 1985 (Table III.19). 
Although there were significant irradiance level by harvest date 
and irradiance level by species by harvest date interactions for CWCEL 
and CWHMC concentrations in total herbage during 1934, the irradiance 
level by species interactions were not significant. 
Stem tissue The irradiance level main effect and linear effect 
were significant for CWL concentration in stem tissue during both years, 
but irradiance level did not affect CWHMC concentration (Table III.3 
and Table III.4). The irradiance main effect for CWCEL concentration 
was significant only during 1985 (Table III.3 and Table III.4). The 
response of CWL concentration in stem tissue to irradiance level was 
positive during both years with a greater response during 1985 than 
during 1984 (Table II 1.7). In 1985, the response of CWCEL concentra­
tion in stem tissue to irradiance was negative (Table III.7). 
The species main effect was significant for all cell-wall 
components during both years (Table III.3 and Table III.4). Also, the 
contrast between Cg and C^ types was significant for CWL and CWCEL con­
centrations during both years, while the contrast between photosynthetic 
types was significant for CWHMC concentration only during 1984 (Table 
III.3 and Table III.4). The CWL concentration in stem tissue was great­
est for RCG and least for BBS during both years (Table III.8). 
Averaged over both years, the Cg species had approximately a 13% 
greater CWL concentration than the C^ species; however, it is question­
able that this was strictly a consequence of photosynthetic type. 
Rather, differences in maturity were likely responsible for these 
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differences in CWL concentration. The greatest CWCEL concentration 
was in RCG, while SWT had the lowest concentration and BBS was inter­
mediate during both years (Table III.8). Therefore, it seems that 
photosynthetic type did not dictate the stem CWCEL concentration. In 
1984, the C^ types expressed a 12% greater CWHMC concentration than 
the C3 types (Table III.8). 
The irradiance level by species interaction was significant dur­
ing both years only for CWCEL concentration in stem tissue (Table 
III.3 and Table III.4). However, in 1984 the irradiance main effect 
for CWCEL concentration was not significant (Table III.3). The 
response of CWCEL concentration in stem tissue of all species to irradi­
ance was negative in 1985 (Table III.20). But the response to irradi­
ance of all cell-wall components in stem tissue was relatively small. 
The harvest date main effect, species by harvest date interactions 
and linear effect were significant for all of the cell-wall components 
during both years (Table III.3 and Table III.4). The two Panicum species 
(SWT and PCL) had the greatest ontogenetic change in all cell-wall 
components of the stem tissue, while TPS generally showed the lowest 
response (Table III.21). 
Leaf tissue The irradiance level main effect was not signifi­
cant for any of the cell-wall components in leaf tissue (Table III.5 
and Table II1.6). The irradiance level by species interaction for CWL 
concentration in leaf tissue was significant during both years (Table 
III.5 and Table III.6). The effect of irradiance level on CWL concen­
tration in leaf tissue was small regardless of species (Table III.22). 
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Table III.20. Means and regression coefficients of stem tissue cell-
wall components for five grasses, three irradiance 
levels and 2 years over three annual harvests per year 
species Year ' ^ 
component gy 70 lOO 
g kg"! 
CWL BBS 84 49.7 49.9 49.7 0.0010 
85 52.2 53.0 55.9 0.0571 
SWT 84 60.1 59.3 61.6 0.0240 
85 67.1 75.1 78.4 0.1811 
PCL 84 60.5 62.5 62.2 0.0274 
85 62.8 67.1 64.9 0.0336 
RCG 84 65.1 66.2 68.8 0.0588 
85 79.3 76.5 78.9 -0.0075 
TPS 84 62.3 63.1 67.7 0.0842 
85 59.2 68.3 70.2 0.1765 
CWCEL BBS 84 511.5 508.0 506.9 -0.0739 
85 501.0 497.0 494.6 -0.1021 
SWT 84 491.3 482.9 483.2 -0.1300 
85 471.8 471.9 468.6 -0.0509 
PCL 84 508.4 509.3 508.5 0.0026 
85 482.5 486.2 477.7 -0.0724 
RCG 84 522.7 514.9 509.3 -0.2122 
85 517.3 502.1 488.3 -0.4598 
TPS 84 509.4 513.2 521.9 0.1966 
85 500.4 496.6 496.5 -0.0628 
CWHMC BBS 84 403.8 412.6 413.3 0.1524 
85 403.8 418.0 421.6 0.2846 
SWT 84 423.7 434.6 424.5 0.0177 
85 425.2 419.2 425.1 -0.0048 
PCL 84 392.6 384.6 381.6 -0.1766 
85 421.8 419.1 429.8 0.1243 
RCG 84 362.5 365.4 365.0 0.0402 
85 366.0 387.9 386.1 0.3257 
TPS 84 381.2 377.3 364.3 -0.2672 
85 418.4 424.2 434.3 0.2497 
^Percent of available irradiance. 
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Table III.21. Means and regression coefficients of stem tissue 
cell-wall components for five grasses, three annual 
harvests and 2 years over three irradiance levels 
Cell-wall 
component Species Year 
Harvests' 
CWL 
CWCEL 
CWHMC 
—g kg" — 
BBS 84 35.1 48.9 65.2 0.7168 
85 42.5 55.6 63.0 0.4873 
SWT 84 33.4 56.8 90.8 1.3659 
85 45.9 77.1 97.6 1.2301 
PGL 84 36.1 64.3 84.9 1.1626 
85 46.6 67.3 81.0 0.8203 
RCG 84 45.2 66.8 88.2 1.0230 
85 67.9 81.5 85.2 0.4109 
TPS 84 57.0 68.9 67.1 0.2426 
85 65.8 69.2 62.7 -0.0736 
BBS 84 489.6 513.7 523.2 0.8010 
85 494.8 497.7 500.2 0.1286 
SWT 84 456.9 484.8 515.7 1.3992 
85 445.9 475.8 490.6 1.0646 
PCL 84 469.4 521.9 535.0 1.5617 
85 467.9 489.0 489.6 0.5163 
RCG 84 511.6 516.8 518.5 0.1634 
85 511.5 510.9 485.3 -0.6231 
TPS 84 509.6 519.7 515.2 0.1314 
85 505.1 485.4 503.0 -0.0498 
BBS 84 434.6 408.8 386.4 -1.1482 
85 431.7 407.3 404.3 -0.6522 
SWT 84 472.8 427.3 382.7 -2.1448 
85 471.2 414.0 384.2 -2.0700 
PCL 84 448.0 376.0 334.8 -2.6954 
85 454.9 414.1 401.8 -1.2645 
RCG . 84 400.0 362.4 330.4 -1.6567 
85 387.4 364.4 388.2 0.0201 
TPS 84 388.4 372.1 362.4 -0.6194 
85 433.7 436.7 406.5 -0.6477 
^Regression based on days of growth with harvest 1 being day 0. 
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Table III.22. Means and regression coefficients of leaf tissue cell-
wall components for five grasses, three irradiance 
levels and 2 years over three annual harvests per year 
Cell-wall c % AI^ Species Year 
component gy 70 lOO 
CWL 
CWCEL 
CWHMC 
—-g kg"^ — 
BBS 84 46.1 47.4 46.6 0.0073 
85 52.7 47.8 50.7 -0.0324 
SWT 84 46.1 47.2 47.7 0.0262 
85 55.4 59.6 58.1 0.0452 
PCL 84 44.5 47.3 47.1 0.0411 
85 45.6 47.8 51.5 0.0922 
RCG 84 40.9 42.3 44.7 0.0608 
85 47.1 48.4 52.8 0.0892 
TPS 84 53.7 50.9 51.4 -0.0372 
85 53.6 49.4 48.2 -0.0865 
BBS 84 450.1 452.1 449.7 -0.0054 
85 438.8 435.6 431.5 -0.1152 
SWT 84 392.8 397.3 397.2 0.0714 
85 387.6 391.4 388.8 0.0215 
PCL 84 361.8 366.7 355.5 -0.0949 
85 343.3 340.4 335.6 -0.1214 
RCG 84 410.0 415.9 410.0 0.0020 
85 381.9 386.1 385.5 0.0588 
TPS 84 488.5 495.3 491.5 0.0499 
85 450.2 442.7 428.3 -0.3458 
BBS 84 444.0 453.3 454.6 0.1698 
85 449.3 463.1 466.9 0.2826 
SWT 84 521.2 523.3 524.5 0.0526 
85 530.7 534.3 530.6 0.0006 
PCL 84 497.4 488.2 502.5 0.0755 
85 531.9 536.4 540.5 0.1374 
RCG 84 414.3 412.5 416.7 0.0363 
85 475.7 475.2 476.2 0.0080 
TPS 84 394.1 305.0 382.1 -0.1916 
85 471.8 484.1 490.3 0.2955 
^Percent of available irradiance. 
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The greatest consistent response was expressed by RCG, for which CWL 
concentration responded positively to increased irradiance (Table 
III.22). 
During 1985, the species expressed 10% greater CWL concentra­
tion in leaf tissue than the Cg species, probably a consequence of 
Kranz anatomy (Table III.8). The contrast between Cg and types for 
CWL concentration was not significant for 1984 (Table III.5). Although 
the contrasts were significant in 1984 for CWCEL and CWHMC, the over­
lap among the species suggests that photosynthetic type did not 
determine these cell-wall characteristics (Table III.8). 
The ontogenetic response of CWL concentration in leaf tissue was 
positive during both years, with PCL expressing the greatest increase 
(Table III.23). There was a variable ontogenetic response of CWCEL 
concentration in leaf tissue with PCL and RCG responding negatively and 
the other species responding in a positive manner (Table III.23). The 
significant 1984 species by harvest date interaction for CWHMC concen­
tration was related to the positive response of RCG, while the other 
species expressed a negative response with ontogeny (Table 111.23). 
Relationships Between Plant Part and Total 
Herbage Nutritive Quality 
Over all species, total herbage NDF concentration was closely 
associated with the NDF and N concentration of both stems and leaves 
and with the CWL concentration of the leaf tissue (Table III.24). 
Indeed, the same relationship generally existed for individual species 
140 
Table III.23. Means and regression coefficients of leaf tissue cell-
wall components for five grasses, three annual harvests 
and 2 years over three irradiance levels 
Cell-wall 
component Species Year 
Harvests 
CWL 
CWCEL 
CWHMC 
—g kg" — 
BBS 84 36.4 44.9 58.8 0.5356 
85 43.2 51.4 56.5 0.3164 
SWT 84 36.0 47.8 57.1 0.5020 
85 51.9 61.7 59.5 0.1802 
PCL 84 30.2 45.0 63.8 0.8001 
85 35.6 47.3 61.9 0.6251 
RCG 84 33.6 39.7 54.6 0.4994 
85 43.3 49.1 56.0 0.3025 
TPS 84 46.1 52.7 57.2 0.2649 
85 42.1 52.1 57.1 0,3577 
BBS 84 435.0 450.7 466.2 0.7435 
85 430.6 437.5 437.8 0.1733 
SWT 84 375.6 396.8 414.7 0.9312 
85 380.4 396.5 390.9 0.2490 
PCL 84 363.5 358.2 362.4 -0.0268 
85 344.7 342.8 331.8 -0.3056 
RCG 84 428.3 415.6 391.9 -0.8656 
85 395.2 387.3 370.9 -0.5768 
TPS 84 479.4 493.7 502.1 0.5406 
85 429.1 443.5 448.7 0.4665 
BBS 84 456.0 453.1 442.9 -0.3139 
85 473.9 459.3 446.0 -0.6647 
SWT 84 554.4 523.9 490.7 -1.5158 
85 555.6 524.8 515.2 -0.9623 
PCL 84 506.9 506.4 474.7 -0.7653 
85 555.0 534.5 519.3 -0.8491 
RCG 84 408.7 417.8 417.0 0.1959 
85 487.5 477.2 462.3 -0.5986 
TPS 84 396.3 386.9 378.0 -0.4369 
85 508.2 478.7 459.3 -1.1626 
^Regression based on days of growth with harvest 1 being day 0. 
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Table III.24. Correlation coefficients between stem or leaf tissue 
nutritive quality variables and total herbage nutri­
tive quality over five forage grass species (n=360) 
Plant Quality Total herbage 
part variable NDF IVDDM N 
Stem NDF 0.74** -0.55** -0.50** 
N -0.66** 0.85** 0.88** 
CWL 0.51** -0.85** -0.64** 
CWCEL 0.01 -0.32** -0.20** 
CWHMC -6.14** 0.56** 0.33** 
Leaf NDF 0.84** -0.47** -0.69** 
N -0.72** 0.62** 0.89** 
CWL 0.67** -0.76** -0.75** 
CWCEL 0.06 -0.10 -0.29** 
CWHMC 0.15** 0.26** 0.19** 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
(Table III.25 and Table III.26). The only exception occurred in stems 
of TPS, which did not show a close relationship between the NDF con­
centration of stem tissue and that of total herbage (Table III.25). 
For TFS, however, the sward consisted mainly of vegetative tillers 
which expressed little stem elongation. The CWL concentration in 
stem tissue was as closely related to NDF concentration in total 
herbage as was the CWL concentration in leaf tissue for most of the 
species (Table III.25 and Table III.26). 
Correlation coefficients over species were high between IVDDM 
concentration in total herbage and the N and CWL concentrations of both 
stems and leaves (Table III.24). Although this was generally the situ­
ation for each species (except CWL in stem tissue of TFS), the NDF 
142 
Table III.25. Correlation coefficients between stem tissue nutritive 
quality variables and total herbage nutritive quality 
for five forage grass species (n=72) 
Species "em quality herbage 
bpecies variable NDF IVDDM N 
BBS NDF 0.92** -0.92** -0.92** 
N -0.89** 0.94** 0.96** 
CWL 0.78** -0.86** -0.86** 
CWCEL 0.15 -0.25* -0.31** 
CWHMC -0.40** 0.48** 0.46** 
SWT NDF 0.95** -0.95** -0.94** 
N -0.93** 0.95** 0.97** 
CWL 0.90** -0.95** -0.89** 
CWCEL 0.51** -0.63** -0.50** 
CWHMC -0.76** 0.81** 0.72** 
PCL NDF 0.91** -0.91** -0.91** 
N -0.86** 0.88** 0.94** 
CWL 0.84** -0.92** -0.86** 
CWCEL 0.37** -0.49** -0.45** 
CWHMC -0.49** 0.61** 0.55** 
RCG NDF 0.68** -0.33** -0.26* 
N -0.75** 0.86** 0.94** 
CWL 0.78** -0.91** -0.81** 
CWCEL 0.01 0.23 0.39** 
CWHMC -0.49** 0.45** 0.30* 
TPS NDF 0.21 0.04 -0.03 
N -0.70** 0.72** 0.91** 
CWL 0.27* -0.36** -0.37** 
CWCEL -0.04 -0.17 0.09 
CWHMC 0.16 0.29* -0.01 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table III.26. Correlation coefficients between leaf tissue nutritive 
quality variables and total herbage nutritive quality 
for five forage grass species (n=72) 
Species Leaf quality 
variable 
Total herbage 
NDF IVDDM N 
BBS NDF 0.93** -0.93** -0.92** 
N -0.89** 0.92** 0.97** 
CWL 0.78** -0.85** -0.80** 
CWCEL 0.09 -0.19 -0.21 
CWHMC -0.08** 0.22 0.11 
SWT NDF 0.85** -0.82** -0.86** 
N -0.89** 0.86** 0.95** 
CWL 0.86** -0.82** -0.88** 
CWCEL 0.43** -0.51** -0.49** 
CWHMC -0.54** 0.64** 0.53** 
PCL NDF 0.91** -0.89** -0.92** 
N -0.90** 0.86** 0.95** 
CWL 0.83** -0.92** -0.85** 
CWCEL -0.31** 0.30* 0.26* 
CWHMC -0.13 0.25* 0.14 
RCG NDF 0.68** -0.79** -0.86** 
N -0.56** 0.71** 0.89** 
CWL 0.62** -0.86* -0.79** 
CWCEL -0.48** 0.62** 0.55** 
CWHMC 0.36** -0.11 -0.26* 
TPS NDF 0.66** -0.63** -0.67** 
N -0.60** 0.71** 0.90** 
CWL 0.25* -0,62** -0.38** 
CWCEL -0.33** -0.17 0.12 
CWHMC 0.33** 0.18 -0.08 
*,**Significant at the 0.05 and 0.01 levels of probability 
respectively. 
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concentration in leaf tissue was negatively correlated with IVDDM con­
centration in total herbage of each species (Table III.26). Addition­
ally, NDF concentration in stem tissue was negatively correlated with 
IVDDM concentration in total herbage of BBS, SWT, and PCL (Table 
III.25). 
Over all species, N concentration in total herbage was closely 
associated with the N concentration of both stems and leaves, and with 
the CWL concentration of the leaf tissue (Table III.24). The CWL 
concentration in leaf tissue of TPS was not highly correlated with N 
concentration in total herbage (Table III.26). Also, N concentration 
in total herbage was negatively related to CWL concentration in stem 
tissue of all species with the exception of TPS (Table III.25). 
It is clear that NDF concentration in stem and leaf tissue was . 
negatively associated with IVDDM concentration in total herbage (Table 
III.25 and Table III.26). Only SWT expressed a higher correlation of 
NDF concentration in stem tissue with IVDDM concentration in total 
herbage than the NDF concentration in leaf tissue with IVDDM concentra­
tion in total herbage (Table III.25 and Table III.26). Additionally, 
the N concentration in stem tissue was often more highly correlated 
with IVDDM concentration in total herbage than was the N concentration 
of the leaf tissue (Table III.25 and Table III.26). 
Although NDF concentration in leaf tissue provided a significant 
limitation on IVDDM concentration in total herbage, CWL concentration 
in stem tissue was more closely related to,IVDDM concentration in total 
herbage than was CWL concentration in leaf tissue (Table III.25 and 
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Table III.26). The one exception to this generalization occurred in 
TPS. 
Relationships Between Plant Morphology and Nutritive Quality 
Over all species, LAR was more closely correlated to the nutritive 
quality variables in total herbage than was the LSR (Table III.27). 
Table III.27. Correlation coefficients between morphological char­
acteristics and total herbage nutritive quality over 
five forage grass species (n=360) 
^^variable^*^ NDP IVDDM N 
LSR -0.13** 0.19** -0.01 
LAR -0.64** 0.73** 0.73** 
Yield 0.57** -0.64** -0.69** 
Maturity index® -0.10 -0.25** 0.11* 
Based on the morphological scheme of Simon and Park (1983). 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
This was especially true for BBS and TPS, the two least mature species 
(Table III.28). Por SWT, PCL, and RCG, LAR and LSR were equally 
related to NDP and IVDDM concentrations in total herbage (Table III.28) 
Por those species that achieved more advanced maturity stages (SWT 
PCL, and RCG), there was a negative relationship between yield and the 
total herbage IVDDM and N concentrations (Table III.28). There was a 
positive relationship between yield and NDP concentration in total 
herbage for the same species (Table III.28). These same correlations 
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Table III.28. Correlation coefficients between morphological char­
acteristics and total herbage nutritive quality for 
five forage grass species (n=72) 
Species Morphological variable NOP IVDDM N 
BBS LSR 
LAR 
Yield 
Maturity index® 
-0.41** 
-0.71** 
0.38** 
-0.54** 
0.30* 
0.73** 
0.39** 
0.45** 
0.41** 
0.80** 
0.49** 
0.42** 
SWT LSR 
LAR 
Yield 
Maturity i ndex 
-0.87** 
-0.86** 
0.83** 
0.81** 
0.88** 
0.85** 
-0.83** 
-0.85** 
0.88** 
0.89** 
-0.85** 
-0.79** 
PCL LSR 
LAR 
Yield 
Maturity index 
-0.85** 
-0.88** 
0.74** 
0.52** 
0.87** 
0.82** 
-0.69** 
-0.56** 
0.85** 
0.81** 
-0.68** 
-0.44** 
RCG LSR 
LAR 
Yield 
Maturity i ndex 
-0.67** 
-0.65** 
0.60** 
0.42** 
0.76** 
0.78** 
-0.74** 
-0.61** 
0.77** 
0.87** 
-0.77** 
-0.56** 
TPS LSR 
LAR 
Yield 
Maturity index 
-0.12 
-0.46** 
0.11 
-0.51** 
-0.01 
0.54** 
-0.49** 
0.04 
0.23 
0.63** 
-0.44** 
0.29** 
Based on the morphological scheme of Simon and Park (1983). 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
were not great for BBS and TPS. Over all species, there was not a 
strong relationship between the maturity index and total herbage 
nutritive quality (Table III.27). Only SWT expressed a strong rela­
tionship between the maturity index and total herbage nutritive quality 
(Table III.28). 
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There was a positive correlation between SLW and NDF concentra­
tion in leaf tissue for all of the species (Table III.29). Of the 
three cell-wall components in leaf tissue, SLW was most highly corre­
lated with CWL concentration; however, the coefficient was negative 
for BBS and positive for the other species (Table III.29). Negative 
correlations were observed between SLW and leaf tissue IVDDM and N 
concentrations for all species (Table III.29). 
Only SWT expressed a strong relationship between the maturity 
index and leaf tissue nutritive quality (Table III.29). 
Relationships Between Plant Growth and Nutritive Quality 
There was a moderately close relationship between RGR and the 
NDF, IVDDM, N and CWL concentrations in total herbage of BBS, SWT, 
PCL and RCG (Table III.30). The correlations between RGR and IVDDM 
concentration in total herbage were consistently greater than those 
between RGR and NDF and N concentrations in total herbage (Table III.30). 
Similar relationships between RGR and nutritive quality were observed 
for stem and leaf tissues (Table III.31 and Table III.32). The rela­
tionship between RGR and NDF concentration was negative, while the 
relationships between RGR and IVDDM or N concentrations was positive 
(Table III.30 through Table III.32). In addition to RGR, STGR corre­
lated well with the nutritive value variables for BBS and RCG (Table 
III.30 through Table III.32). 
Of the three cell-wall components of the plant parts, RGR was best 
correlated to the CWL concentration in a negative fashion with all 
Table III.29. Correlation coefficients between morphological characteristics and leaf tissue 
nutritive quality for five forage grass species (n=72) 
Species Morphological 
variable NDF IVDDM N CWL CWCEL CWHMC 
BBS SLW 0.71** -0.73** -0.78** -0.44** -0.10 0.09 
Maturity index^ -0.50** 0.50** 0.41** -0.15 0.46** -0.23 
SWT SLW 0.69** -0.76** -0.84** 0.65** 0.10 -0.13 
Maturity index 0.77** -0.84** -0.72** 0.73** 0.51** -0.60** 
PCL SLW 0.69** -0.69** -0.73** 0.55** -0.52** 0.12 
Maturity index 0.50** -0.52** -0.38** 0.52** -0.29** -0.20 
RCG SLW 0.74** -0.80** -0.80** 0.73** -0.62** 0.50** 
Maturity i ndex 0.58** -0.68** -0.53** 0.59** -0.55** 0.40** 
TPS SLW 0.50** -0.50** -0.57** 0.30** -0.14 0.14 
Maturity index -0.54** 0.30** 0.32** 0.12 0.87** -0.90** 
^Based on the morphological scheme of Simon and Park (1983). 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.30. Correlation coefficients between relative and stem growth rates and total herbage 
nutritive quality for five forage grass species (n=48) 
Species Growth variable NDF IVDDM N CWL CWCEL CWHMC 
BBS RGR -0.54** 0.61** 0.58** -0.59** -0.06 0.06 
STGR -0.68** 0.71** 0.67** -0.64** 0.15 -0.09 
SWT RGR -0.76** 0.80** 0.78** -0.75** -0.57** 0.58** 
STGR -0.31* 0.35* 0.32* -0.30* -0.13 0.16 
PCL RGR -0.67** 0.70** 0.73** -0.52** -0.20 -0.0004 
STGR -0.49** 0.55** 0.56** -0.46** -0.20 0.11 
RCG RGR -0.61** 0.66** 0.56** -0.61** 0.43** -0.32* 
STGR -0.65** 0.74** 0.64** -0.69** 0.42** -0.29* 
TPS RGR -0.18 0.29* 0.18 -0.18 0.14 -0.11 
STGR 0.10 -0.11 -0.07 0.10 -0.07 0.10 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.31. Correlation coefficients between relative and stem growth rates and stem tissue 
nutritive quality for five forage grass species (n=48) 
Species Growth variable NDF IVDDM N CWL CWCEL CWHMC 
BBS RGR -0.54** 0,60** 0.58** -0.60** -0.09 0.22 
STGR -0.65** 0.69** 0.68** -0.54** 0.09 -0.19 
SWT RGR -0.76** 0.78** 0.78** -0.74** -0.29* 0.61** 
STGR -0.32* 0.31* 0.31* -0.25 0.01 0.13 
PCL RGR -0.66** 0.65** 0.76** -0.58** -0.01 0.08 
STGR -0.45** 0.51** 0.60** -0.45** -0.04 0.08 
RCG RGR -0.40** 0.72** 0.64** -0.74** 0.17 0.18 
STGR -0.39** 0.79** 0.71** -0.81** 0.21 0.19 
TPS RGR -0.01 0.22 0.25 -0.12 0.02 -0.01 
STGR 0.06 -0.10 -0.10 0.10 -0.03 0.08 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table III.32. Correlation coefficients between relative and stem growth rates and leaf tissue 
nutritive quality for five forage grass species (n=48) 
Species Growth variable NDF IVDDM N CWL CWCEL CWHMC 
BBS RGR -0.59** 0.59** 0.58** -0.56** -0.04 0.15 
STGR -0.66** 0.69** 0.63** -0.54** 0.12 0.07 
SWT RGR -0.74** 0.79** 0.70** -0.76** -0.30* 0.41** 
STGR -0.29* 0.36* 0.25 -0.33* 0.05 0.17 
PCL RGR -0.72** 0.70** 0.68** -0.54** 0.34* -0.14 
STGR -0.56** 0.52** 0.51** -0.45** 0.20 0.002 
RCG RGR -0.62** 0.69** 0.44** -0.66** 0.64** -0.54** 
STGR -0.63** 0.76** 0.52** -0.73** 0.62** -0.50** 
TPS RGR -0.38** 0.41** 0.25 -0.36* 0.08 -0.09 
STGR 0.07 -0.12 -0.07 0.13 -0.03 0.10 
*j**Significant at the 0.05 and 0.01 levels of probability, respectively. 
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species except TPS (Table III.30 through Table III.32), Correlations 
between RGR and CWL were greater than those between RGR and NDF con­
centration, suggesting that the negative relationship between RGR and 
NDF concentration is brought about by low lignification being associ­
ated with high RGR in young herbage. 
The RGR and STGR for TFS did not express a close relationship 
with nutritive quality. This species also had the lowest STGR and 
the second lowest RGR among the species (Table 1.3 and Table 1.8). 
Also, as mentioned previously, the TFS swards consisted primarily of 
vegetative tillers. 
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DISCUSSION 
Irradiance regime influenced the nutritive value of these five 
grass species. The general response to increasing irradiance was that 
of increased NDF concentration and decreased N and IVDDM concentra­
tions (Table III.7). Leaf, stem, and total herbage responded in a 
similar manner (Table III.7). There were few response differences 
related to photosynthetic type. Averaged over the three annual 
harvests, the response to irradiance for NDF and IVDDM concentrations 
in total herbage were similar for all species, and the response of N 
concentration in total herbage was negative for all species (Table 
III.14). Some exceptions to these responses were observed in leaf and 
stem tissues. 
The difference in NDF, IVDDM, and N concentrations of total herbage 
between the 37 and 100% AI treatments was 16, 27 and 5 g kg"\ respec­
tively. But N concentration in total herbage showed the greatest 
irradiance affect, because the relative difference between the high and 
low irradiance treatments was 3, 5 and 26% for NDF, IVDDM, and N concen­
trations in total herbage, respectively. The difference between the 
37 and 100% AI treatments was 2, 3 and 31% for NDF, IVDDM, and N con­
centrations in stem tissue, respectively, while for leaf tissue the 
relative irradiance effect was 2, 3 and 25%, respectively. 
The response of NDF concentration to increasing irradiance in BBS 
and SWT was consistently positive regardless of the harvest date; how­
ever, in PCL, RCG, and TFS there were both positive and negative 
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responses, varying with species and harvest date (Table 111,17). These 
variable results may have been caused by an irradiance interaction with 
other environmental factors, such as temperature. Henderson and 
Robinson (1982a) reported that temperature is more influential on 
cell-wall concentration than is irradiance. The negative response to 
irradiance level occurred with RCG in the final harvest in 1984 and 
the last two harvests in 1985. It is possible that carbohydrate 
storage in the lower stem diluted the NDF concentration and caused the 
negative response. 
The general results of a positive response to irradiance level for 
NDF concentration and a negative response for IVDDM concentration do 
not agree with several previous studies conducted in both the field 
and growth-chambers (Burton et al., 1959; Henderson and Robinson, 
1982a; Wilson and Wong, 1982; Garza et al., 1965; Navarro-Chavira and 
McKersie, 1983; Blair et al., 1983; Hight et al., 1968; Deinum and 
Dirven, 1972). Of these, Wilson and Wong (1982) reported that cell-
wall concentration responded positively to irradiance level in leaf 
tissue and in the upper stem. They attributed this to dilution of the 
cell-wall fraction by increased N concentration under shaded conditions. 
In spite of reduced cell-wall concentration under low-irradiance con­
ditions, these authors reported a positive response of IVDDM concentra­
tion to irradiance. 
That the N concentration strongly responded in a negative manner 
to irradiance level agrees with previous studies (Burton et al., 1959; 
Eriksen and Whitney, 1981; Deinum and Dirven, 1972; Wong and Wilson, 
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1980; Walgenbach and Marten, 1983; Blair et al., 1983). Although the 
N concentration was increased by growth under reduced irradiance, the 
amount of N present per unit area of leaf was not significantly 
affected by irradiance (Table III.15 and Table III.16). These results 
support those of McMillen and McClendon (1983), who reported that in 
ten woody dicotyledinous species, sun- and shade-adapted leaves have 
similar contents of photosynthetic and respiratory enzymes. Wong and 
Wilson (1980) reported that the shoot nitrogen yield (N^^ in this 
study) responded negatively to irradiance level in Panicum maximum var. 
trichoqlume, indicating that total nitrogen uptake from soil increases 
with decreased irradiance levels. The results of this study do not 
support those of Wong and Wilson (1980) in that most of the species 
expressed a positive response of to irradiance level (Table III.15 
and Table III.16). The species had a greater response of to 
irradiance than the Cg species. 
The effect of irradiance level on cell-wall composition was not 
consistent or great. The cell-wall component most affected by irradi­
ance was CWL. The data of Wilson and Wong (1982) indicate a slight 
increase in the CWL concentration in leaf and stem tissue with decreas­
ing irradiance level from 100 to 40% AI. Only TPS had a negative 
response of the CWL concentration in leaf tissue for both years (Table 
III.22). For stem tissue, most of the species expressed a positive 
response to irradiance level except for BBS in 1984 and RCG in 1985, 
which expressed negligible responses of CWL concentration to irradiance 
level (Table III.20). 
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The only clear differences between the and species were in 
NDF concentrations in leaf tissue and total herbage and in the effect 
of irradiance level on soil nitrogen uptake (N^^) (Table III.8 and 
Table III.16), The NDF concentration in leaf tissue of species 
averaged 17 and 18% greater than in species during 1984 and 1985, 
respectively. This difference was probably because of the Kranz 
anatomy characteristics of BBS and SWT. Despite these differences in 
the NDF concentration in leaf tissue, there was no clear difference 
between the photosynthetic types in response of nutritive quality to 
irradiance level. The response of to irradiance level was clearly 
greater for the species (Table III.16); however, this coincided with 
a greater dry matter yield response to irradiance for the species 
(Table 1.6). 
Interestingly, did not significantly change with irradiance 
level in any of the species; yet, the N concentration in leaf tissue 
responded negatively to irradiance level (Table III.10). One of the 
conclusions in Part I is that cell size was probably reduced as conse­
quence of adaptation to reduced irradiance regimes, thus reducing leaf 
thickness. It is reasonable to conclude that smaller cell size of the 
low-irradiance adapted leaves acts to concentrate cellular protein con­
tents. That N concentration in stem tissue also responded negatively 
to irradiance suggests that cell size within stems may also have been 
reduced in response to shade. 
The IVDDM concentration in total herbage was negatively associated 
with NDF concentration in leaf tissue for all species and was negatively 
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correlated with NDF concentration in stem tissue for BBS, SWT, and 
PCL (Table III.25 and Table III.26). Also, the CWL concentration of 
leaf and stem tissue was negatively correlated with IVDDM concentra­
tion in total herbage, except for TPS (Table III.25 and Table III.26). 
The relationship between IVDDM concentration in total herbage and other 
cell-wall components is less clear. 
The N concentration of leaf and stem tissue was closely associated 
with IVDDM concentration in total herbage for all species (Table III.25 
and Table III.26). The consequences of growth under reduced irradiance 
regimes probably include reduced cell size and net photosynthesis, 
which serve to reduce the amount of available carbohydrates for 
digestion. Therefore, it seems that the greater concentration of 
nitrogenous compounds and the reduced NDF concentration were the most 
important factors influencing higher IVDDM concentrations as a result 
of reduced irradiance regimes. 
The extent of correlation of LAR with NDF, IVDDM, and N concen­
trations in total herbage was similar to or greater than that between 
LSR and NDF, IVDDM, and N concentrations in total herbage (Table 
III.28). This suggests that LAR may provide a better prediction of 
forage nutritive value than LSR. The LSR indicates the relative mass 
of leaf and stem tissue. On the other hand, the LAR indicates leafi-
ness gejr ^  of the plant, and may be useful for estimating the relative 
nutritive value, but should not be used to determine the ratio of leaf 
and stem tissue. It is particularly interesting that LAR also was 
more closely associated with nutritive quality than was maturity index 
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(Table III.28). 
The relationship between SLW and IVDDM and N concentration in leaf 
tissue was negative, while the relationship between SLW and NDF con­
centration in leaf tissue was positive for all species (Table III.29). 
These results suggest that cell-wall concentration is a major con­
tributor to SLW. A high SLW is associated with increased leaf thick­
ness and high net photosynthesis per unit leaf area in Medicago sativa 
(Delaney and Dobrenz, 1974) and many other species. Results presented 
in Part II suggest that for RCG and SWT, carbon exchange rate (CER) 
responded positively to irradiance, while leaf photosynthetic poten­
tial was not influenced by the irradiance treatments. A reduced photo-
synthate pool caused by the lower CER of the shaded treatments may have 
resulted in lowered synthesis of cell-wall material. The overall posi­
tive response of NDF concentration to irradiance level likely resulted 
partially from a dilution of the NDF content by the high N concentra­
tion at low irradiance regimes. Correlation coefficients between N 
and NDF concentrations in leaf and stem tissues are presented in Table 
III.33. There was a strong negative relationship between N and NDF 
concentrations in leaf tissue of all species. A similar relationship 
was observed for stem tissue, with the exceptions of RCG and TFS, the 
two species with the lowest relative growth rate (RGR) (Table 1.8). 
If reduced cell size indeed results from adaptation to low-
irradiance environments, a higher NDF concentration is expected because 
of the increased surface-to-volume ratio. It is tempting to speculate 
that NDF concentration also was influenced by the photosynthate pool 
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Table III.33. Correlation coefficients between N concentration and 
NDF concentration for leaf and stem tissue (n=72) 
Species PUnt^rt 
Leaf Stem 
BBS -0.93** -0.94** 
SWT -0.90** -0.96** 
PCL -0.93** -0.92** 
RCG -0.91** -0.39** 
TPS -0.79** -0.24* 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
such that when photosynthates became less available, cell-wall develop­
ment was reduced. 
In a study of photosynthate partitioning patterns of Festuca 
ovina and Nardus stricta, Atkinson and Farrar (1983) reported a high 
rate turnover of carbohydrates within the storage pool. They noted 
that the cell-wall fraction represents a very static accumulation of 
photosynthate. Further, of the three major photosynthate pools 
(transport, storage, and structural), the structural fraction is less 
coupled to photosynthate sources than the other two pools. They also 
reported that for these two grass species, a low RGR coincided with a 
high total non-structural carbohydrate concentration, suggesting a sink 
limitation to growth. Baysdorfer and Bassham (1985) reported that the 
growth of Medicago sativa is source limited in seedling stages, but 
progressively becomes sink limited as growth ensues. Labhart et al. 
(1983) observed with Festuca pratensis that water-soluble carbohydrate 
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concentrations in leaf blades and stems increased after panicle 
emergence, a period associated with enhanced cell-wall thickening and 
lignification. These studies indicate a coincidence that enhanced 
cell-wall accumulation occurs when conditions of abundant photo-
synthate supply prevail. 
In terms of meristematic sink activity, cell-wall development is 
an important aspect of plant growth. Ford et al. (1979) discussed 
that a relatively fast growth rate leads to thin cell walls and less 
secondary thickening. Rapid growth rates result from greater sink 
demand for growth when sink limitations prevail, or from increased 
photosynthate supply when source limitations are experienced. Under 
conditions of limited photosynthate supply, a negative relationship 
between RGR and NDF concentration should result. 
The irradiance treatments employed in this study were intended to 
promote a source limitation to growth. The results of this study sug­
gest that reduced NDF concentrations at low irradiance levels were a 
result of two influences, a dilution by the negatively related N con­
centration and reduced availability of photosynthate for cell-wall 
development. In support of the latter influence, there was a negative 
relationship between RGR and NDF and CWL concentrations, except for 
TFS (Table III.30 through Table III.32). Considering the preponderance 
of vegetative tillers within TFS swards, it is possible that sink de­
mand provided the greatest limitation to growth and hence a poor 
relationship between RGR and NDF concentration. The lack of stem 
elongation in vegetative TFS tillers suggests that a great amount of 
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cell-wall accumulation and lignification did not occur (Table III.21). 
The NDF concentration in stem tissue was lowest for TPS (Table III.8). 
Additionally, TPS expressed the lowest ontogenetic increase in dry 
matter yield. That TPS began spring growth the earliest of all species 
indicates that this species was not provided as great an opportunity to 
adapt to the irradiance treatments because the early morphological 
development had been established. 
A model can be proposed based upon two assumptions. Pirst, that 
a sink limitation to growth develops as maturation continues (Atkinson 
and Parrar, 1983; Baysdorfer and Bassham, 1985; Labhart et al., 1983). 
Second, structural development is less coupled to the photosynthate 
pool than is meristematic or storage utilization of photosynthates 
(Atkinson and Parrar, 1983). If a source limitation is applied, a 
greater proportion of the photosynthates will be utilized for growth 
and storage, thus limiting secondary cell wall development and lignifi­
cation. Other processes that utilize the photosynthate pool, such as 
respiration, photorespiration, and synthesis of secondary metabolites 
might also limit advanced cell wall development. This model partially 
explains the negative relationship between nutritive quality and dry 
matter yield, which is often observed in the literature. Conditions 
which promote yield (ample photosynthate supply) also promote higher 
cell-wall and lignin concentrations. 
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SUMMARY AND CONCLUSIONS 
Forage crop species, perhaps to a greater degree than other crops, 
are grown under a variety of irradiance conditions. High plant densi­
ties lead to a great amount of mutual shading within a sward and 
forage species are managed for growth during periods of vastly differ­
ent photoperiods and irradiance levels. Also, there is increasing 
interest in incorporating forage management systems with agroforestry 
programs. Irradiance is one of the three major cardinal environmental 
factors which influences plant growth. Adaptation to irradiance regime 
directly influences morphological characteristics such as specific-leaf 
weight, leaf-to-stem ratio, leaf-area ratio, and the leaf area index. 
Plant growth responses such as relative growth rate, crop growth rate, 
net assimilation rate, and yield are also influenced. The objective 
of this field study was to evaluate the nutritive value of Cg and C^ 
forage grass species resulting from adaptation to various irradiance 
regimes. The grass species included two C^ types: big bluestem (BBS) 
and switchgrass (SWT); and three Cg types: deertongue grass (PCL), 
reed canarygrass (RCG), and tall fescue (TPS). Three levels of irradi­
ance were employed: 37, 70 and 100% of available irradiance (AI); and 
canopies were sampled on three occasions annually during two spring 
growth seasons. 
The IVDDM concentration of total herbage, stem, and leaf tissue 
decreased with increasing irradiance with few exceptions. This quality 
response was associated with increased NDF concentration and decreased 
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N concentration. Irradiance effects on the concentration of the cell-
wall components was small, but CWL concentration of the stem tissue 
generally increased with increasing irradiance. The responses of NDF, 
N and CWL concentrations to irradiance level all serve to decrease 
IVDDM concentration with increasing irradiance. Correlations between 
these variables support this conclusion. The response of nutritive 
quality variables to irradiance was similar for Cg and C^ species. 
The nature of response of NDF, N, and CWL concentration to irradi­
ance is of particular interest. Some of the morphological character­
istics associated with adaptation to increasing irradiance include 
increases in SLW and decreases in LAR and LSR. Additionally, decreased 
cell size is likely a major anatomical adaptation to decreased irradi­
ance for grass species. 
Nitrogen content per unit of leaf area (N^^) was not significantly 
influenced by irradiance level, suggesting that the amount of nitrogenous 
compounds per cell is equal for all irradiance levels and that reduced 
cell size of shade-adapted leaves acts to concentrate these compounds. 
While the reduced cell size may explain the altered N concentration, 
the obligatory increase in NDF concentration was expected because of an 
increase in surface-to-volume ratio of cells. Correlations between SLW 
and NDF concentration in leaf tissue, however, were positive. Previous 
studies have positively associated SLW with CER and leaf thickness. 
Therefore, photosynthate availability seems to be associated with the 
accumulation of cell-wall material. 
The shade treatments likely caused a source limitation to plant 
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growth. Results presented in the first two parts reveal that NAR, 
RGR, dry matter yield, and CER responded positively to irradiance level, 
which supports this belief. The literature suggests that the struc­
tural photosynthate pool is less tightly coupled to photosynthate 
supply than other vectors of photosynthate utilization, and that cell-
wall development is greater when sink limitations to plant growth 
prevail. 
Low NDF and CWL concentrations, despite small cell size, may 
result from reduced photosynthate supply. A sink limitation couples 
plant growth and nutrient storage to photosynthate supply to a greater 
degree, thereby reducing the availability of substrate for secondary 
cell-wall development and lignification. 
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GENERAL DISCUSSION 
The three major environmental influences on plant growth are water 
availability, temperature, and irradiance. All of these factors effect 
the energy balance of the plant. Plants possess the capability to 
adapt to the environmental conditions that prevail to withstand stress 
from the incoming energy levels and to maximize productivity. Some 
strategies involved in energy balance adaptation include adjustment of 
leaf form and stem elongation. 
Major differences in form of leaves adapted to low irradiance as 
compared to leaves adapted to high irradiance include lower specific-
leaf weight, and leaf thickness, and larger leaf dimensions. Also, 
the leaf-area ratio is higher in low-irradiance adapted plants. These 
adaptations serve to optimize leaf temperature and maximize intercep­
tion of photosynthetically active radiation (PAR). 
At moderate irradiance levels, stem length is often increased com­
pared to stems grown under full solar irradiance regimes. This adapta­
tion results from partitioning dry matter into stem elongation at the 
expense of root growth and stem girth, and provides for improved lamina 
position in a competitive canopy situation. 
The results of this study indicate a positive response of specific-
leaf weight and a negative leaf-area ratio response to increasing 
irradiance level. Adaptations of this nature have been associated 
with a positive response of leaf thickness to irradiance level. Changes 
in leaf thickness of grass species have been associated with 
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modifications of cell size rather than cell number. Therefore, in 
Part I it was assumed that the leaves which developed under the low-
irradiance regimes were thinner than high-irradiance grown leaves 
because of reduced cell size. 
An irradiance effect on stem length was not detected, nor was an 
irradiance effect on maturity observed for any of the grass species. 
The crop growth, net assimilation, and relative growth rates responded 
positively to irradiance level in a parallel fashion for all of the 
species. Additionally, dry matter yield responded positively to 
irradiance level, but the response was greater for the species 
than the species. The reduced yield and growth rates were probably 
the result of a source limitation on growth under the shaded treatments. 
The reduced net assimilation rates provide support for this assumption; 
however, additional support is provided by the reduced carbon exchange 
rates (CER) for shade-grown reed canarygrass (RCG) and switchgrass (SWT). 
Reduced photosynthetic rates for the reduced irradiance treatments 
resulted from a lower input of PAR. Stomatal resistance (r^) was not 
significantly affected by irradiance adaptation, whether the measure­
ments were performed in full solar irradiance or not. Leaf measure­
ments in full solar irradiance of all the irradiance adapted treatments 
indicated that the photosynthetic potential of RCG and SWT was not 
altered by irradiance regime. The lack of a r^ response to irradiance 
level reflected the consistent CER potential resulting from the irradi­
ance treatments. 
Leaf temperature was about 0.5°C greater for SWT than RCG, and 
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was attributed to the lower transpiration rate of SWT compared to RCG. 
Transpiration rate was highly correlated with r^ in both species. 
Additionally, r^ was greater for SWT than for RCG. Correlation coeffi­
cients between r^, and transpiration rate and leaf temperature suggest 
that r^ may exert a subtle influence on leaf temperature via changes 
in transpiration rate. This was especially evident for SWT, which 
often experienced possible sub-optimal temperatures for CER under the 
reduced irradiance treatments. Stomatal response to maximize CER may 
be enacted through an influence of r^ on leaf temperature. 
Adaptation to reduced irradiance resulted in increased nitrogen 
concentrations (N) of leaf, stem, and total herbage tissues. Nitrogen 
content per unit leaf area was not affected by irradiance, suggesting 
that the increased nitrogen concentration of the low-irradiance treat­
ments was caused by the reduced cell size associated with those treat­
ments. Other nutritive quality responses to irradiance level included 
a positive response of neutral-detergent fiber concentration (NDF) and 
a small positive response of cell-wall lignin concentration (CWL). 
Irradiance level effects on N, NDF, and CWL promoted a negative response 
of in vitro digestible dry matter concentration to irradiance level 
for all species and plant parts. Additionally, it seems that the 
nutritive quality of the species responded to irradiance level in a 
parallel manner. 
An enormous amount of lignocellulosic material is produced every 
year on a global basis, suggesting that the cell wall represents a 
major photosynthate pool. A model can be proposed based upon two 
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assumptions. First, that a sink limitation to growth develops as 
maturation proceeds (Atkinson and Farrar, 1983; Baysdorfer and Bassham, 
1985; Labhart et al., 1983). Second, cell-wall accumulation is less 
coupled to the photosynthate pool than is meristematic or storage 
utilization of photosynthates (Atkinson and Farrar, 1983). If a 
source limitation is applied, a greater proportion of the photo­
synthates will be utilized for growth and storage, thus limiting 
secondary cell-wall development and lignification. Therefore, 
processes which utilize photosynthates serve to counteract the 
accumulation of cell-wall material. Also, factors that lower photo-
synthetic rate (such as reduced irradiance), and hence promote a source 
limitation for growth should be associated with a lowered accumulation 
of cell-wall material. 
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APPENDIX 
Table A.l. Monthly total precipitation (Ppt) and departures (Dep) 
from normal at the Agronomy and Agricultural Engineering 
Research Center, Boone County, Iowa 
Month 1983 1984 1985 
Ppt Dep Ppt Dep Ppt Dep 
IIINI 
January 44 19 13 -12 9 -16 
February 19 -10 21 -8 24 -5 
March 93 39 30 -24 58 4 
April 80 -4 173 89 31 -53 
May 158 43 128 13 32 -83 
June 232 101 167 36 86 -45 
July 97 0 86 -11 36 -61 
August 107 9 8 -90 
September 81 -4 101 16 
October 158 99 92 33 
November 138 102 52 16 
December 9 -18 43 16 
Table A.2. Monthly mean temperature (Avg) and departures (Dep) from 
normal at the Agronomy and Agricultural Engineering 
Research Center, Boone County, Iowa 
Month 1983 1984 1985 Avg Dep Avg Dep Avg Dep 
OQ 
January -4.0 4.4 -8.1 0.3 -8.9 -0.5 
February -1.3 3.6 0.7 5.6 -6.3 -1.4 
March 2.1 1.2 -1.5 -2.4 5.1 4.2 
Apri 1 6.4 -3.2 8.7 -0.9 13.0 3.4 
May 13.7 -2.4 14.6 -1.5 18.2 2.1 
June 21.7 0.6 22.2 1.1 19.8 -1.3 
July 25.1 1.5 22.6 -1.0 22.9 -0.7 
August 25.8 3.6 23.2 1.0 
September 18.7 1.3 17.4 0.0 
October 11.0 -0.3 11.6 0.3 
November 3.4 0.8 4.0 1.4 
December -13.0 -8.5 -2.7 1.8 
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Table A.3. Photometric repeatability characteristics of the scanning 
monochroRieter near infrared reflectance spectrometer 
used for nutritive quality analysis 
Measure Min Max Mean 
RMS®^ 16 22 18 
Bias° -18 21 -2 
J(log(l/R)/10®. 
Absolute values. 
Table A.4. Correlation, variability data, and wavelengths needed in 
regression equation development for analysis of nutritive 
value using near infrared reflectance spectroscopy (NIRS) 
Quality » r2^ - b Wavelength 
component no.c 
__ 
NDF 180 0.93 20.3 4 
ADF 179 0.96 13.2 4 
ADL 180 0.86 5.2 4 
Cellulose 180 0.97 10.0 5 
IVDDM 180 0.91 23.5 6 
N 180 0.98 1.3 6 
Squared coefficient of multiple determination from the least 
squares regression of known quality values on NIRS values. 
^Standard error of calibration from the least squares regres­
sion of known quality values on NIRS values. 
CNumber of wavelengths needed for the best prediction equation. 
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Table A.5. Mean squares from the combined 1984 and 1985 analysis 
for nutritive quality 
Source df Mean squares 
NDF IVDDM 
Irradiance 2 8982** 8676** 
Error a 6 363 99 
Species 4 60929** 100309** 
Irrad x species 8 528 583 
Error b 36 406 462 
Harvest date 2 522224** 147355** 
Irrad x harvest date 4 1528** 415 
Species x harvest date 8 11563** 8130** 
Irrad x species x harv 16 471 730** 
Error c 90 273 320 
Year 1 152465** 155763** 
Year x irradiance 2 317 45 
Year x species 4 12925** 3890** 
Year x harvest date 2 10256** 10841** 
Year x irrad x species 8 630* 689* 
Year x irrad x harvest 4 482 878* 
Year x species x harvest 8 1519** 3444** 
Yr X irrad x spec x harv 16 258 342 
Error d 135 279 269 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
